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ABSTRACT 

During 1969, Argonne's Chemical Engineering Division pursued continuing studies 
while initiating several new investigations. High-temperature data are being determined to 
evaluate the performance of FBR fuels and the safety of FBR materials under accident 
conditions. The calorimetric program is directed toward the properties of substances of 
interest in high-temperature chemistry and nuclear technology. Analytical and reactor 
chemistry investigations include the chemistry of irradiated FBR materials, xenon tagging 
to locate failed EBR-II fuel elements, and methods for determining burnup in FBR fuels. 
Of importance to LMFBRs, energy-conversion devices, and other applications are studies 
of liquid metals and mohen salts. The investigation, begun last year, of the fluidized-bed 
combustion of fossil fuels as a means of reducing the emission of pollutants is progressing. 

New investigations were started in two areas: While secondary-cell investigations 
continue in the energy-conversion studies, work was initiated to develop batteries for 
human implantation and vehicular propulsion. A program of sodium technology was 
instituted to develop equipment and procedures to control sodium contamination and 
corrosion in LMFBRs, the program incorporates on-going studies of sodium chemistry. 

I. FUEL-CYCLE TECHNOLOGY 

A. LIQUID METAL-MOLTEN SALT TECHNOLOGY 

Compact pyrochemical processes have been under 
development for the decontamination and recovery of 
spent fast breeder reactor (FBR) fuels. Because radiation-
stable hquid metal and salt solvents are used in these 
processes, they can accommodate short-cooled, high-
burnup fuels, thereby permitting rapid recycle of the fuel 
and a reduction in out-of-reactor inventory costs. 

The recent pyrochemical studies have been concentrated 
on the development of a salt-transport process for the 
recovery of FBR fuels. This process, which is described in 
detail in the preceding report of this series (ANL-7550, 
pp. 7-9), consists of the following operations: 

Stainless steel cladding is removed from the oxide fuel 
by dissolution of the cladding in liquid zinc. The separated 
fuel oxide is then reduced to metal by a Cu-Mg-Ca alloy 
with the aid of a CaCla-CaFa flux; the volatile fission 
products released during the decladding and reduction steps 
are collected in the argon cover gas. Subsequently, pluto
nium and uranium are separated from fission products in a 
series of liquid metal-molten salt extraction steps, probably 
in high-temperature mixer-settlers. After these purification 
steps, metallic plutonium and uranium are recovered from 
product solutions by vacuum distillation of the final solvent 
metal (Zn-Mg). The actinide metals are next powdered by 
hydriding, then reconverted to the oxides by treatment 
with CO2 in a fluidized-bed reactor. 

Most of the process chemistry has been investigated and 
is well understood. Much of the required basic engineering 

information is also available, and work was started on 
facilities for a bench-scale engineering demonstration of the 
process. In mid-1969, development work on the salt-
transport process was terminated because of budget cuts. 
However, a reduced effort is continuing on the develop
ment of the procedure for liquid metal decladding as an 
alternative to mechanical decladding schemes such as the 
shear-leach method that has been proposed as the head-end 
step for aqueous processing of FBR fuels. 

!n other work, liquid metal-molten salt extraction 
techniques similar to those used in the salt transport 
process have been investigated as a means of recovering and 
purifying plutonium-238 from recycled scrap materials 
generated in the preparation of isotopic power sources. 
Experimental studies showed that the necessary separation 
of plutonium from impurities (such as light elements that 
cause neutron emission through a,n reactions) can be • 
achieved, \i\\\ that additional work is required to establish 
the technical feasibility of a complete process. This 
program was also terminated in mid-1969 for lack of 
funding. 

1. Decladding by Liquid Metals 

a. Plant Concept for FBR Fuel Decladding 

A conceptual design study was initiated of a plant for 
decladding 5 metric tons/day of stainless steel-clad LMFBR 
core and blanket fuel assemblies in molten metal. This 
head-end facility is assumed to be coupled to a large, 
central, aqueous reprocessing plant, aUhough the concept is 



also applicable to smaller plants and to separate head-end 
plants Objectives are to achieve process simphctty to 
minimize the number of mechanical handling steps, and to 
minimize the required shielded area and number of process 
vessels. 

Decladding with molten metal is an ahernative to 
mechanical decladding schemes,' ' which require removal 
of sodium, disassembly of the fuel assembly, and fuel 
chopping as separate operations. An advantage of a molten-
metal-decladding step is that the fuel oxide does not react 
with the decladding chemicals and, once separated, can be 
fed eithet to an aqueous dissolution step or to another 
interfacing step. An additional advantage is that no special 
tieatment is lequired for fuel pins that are sodium-logged as 
a tesult of cladding failuie or on which sodium is held up 
externally. 

An Atomics International stainless steel-clad UO2-
20wt%PuO2 fuel element^ has been selected as a ref
erence. Special attention must be given to the high 
plutonium content of this fuel, its high heat load, and its 
high content of gaseous fission products. Othet design bases 
foi this study are similar to those selected for a recent 
design-concept study of a fluoride volatility plant.' 

The present study considers the fuel from the time it 
atrives at the reptocessing plant in sodium-filled shipping 
casks until the oxide fuel is charged to an aqueous 
dissolution or other interfacing step. Zinc, which dissolves 
stainless steel at practical rates, has been selected as the 
decladding agent in preference to another candidate, 
antimony-copper,'* since zinc is capable of adequate stain
less steel loadings at modetate tempetatures, is considerably 
cheaper than antimony-coppet, and appears to pose less of 
a containment problem. (Investigations of decladding with 
zinc and copper-antimony ate discussed in following sec
tions of this report.) 

Graphite and tungsten are being considered as the 
material of consttuction for containment of the molten 
metal systems. Graphite is the prime candidate foi the 
decladding vessel because it is more readily fabricated and 
far less expensive than tungsten. For the proposed scale of 
operation, the vessel would be 8 ft long, 8 ft high, and 2 ft 
wide. Vessel size was selected on the basis of achieving a 
15 wt % loading of stainless steel in zinc. 

The tentative scheme foi the metal-decladding opera
tions, which would be performed in an inert-gas process 
cell, includes the following steps: 

•References and explanatory footnotes are placed at the end of 
eacfi section. 

1) Fuel assemblies are transferred from a sodium-filled 
shipping cask to a sawing station or to the decladding 
vessel. The fuel assemblies are transported in turret-like 
fixtures. 

2) Excess hardware is sawed from the inactive end of 
fuel assemblies for disposal as waste; alternatively, this step 
may be bypassed and the hardware dissolved with the 
cladding in the decladding vessel. Disadvantages of the 
latter alternative would be requirements for larger vessels 
and a larger inventory of zinc. 

3) Fuel assemblies suspended from turrets are loaded 
vertically into removable, perforated, refractory metal 
baskets immersed in liquid zinc inside the decladding vessel 
by attaching the turrets at five loading stations in the top of 
a decladding vessel. A function of the baskets is to separate 
batches of fuel from each other for criticality safety, each 
basket accommodates three fuel assemblies. There are two 
decladding vessels, which are employed altetnately on a 
48-hr cycle; a cycle consists of 24 hr for four successive 
dissolutions (a total of apptoxiinately 50-60 fuel assem
blies), followed by a 24-hr cleanout step. 

4) Cladding is partially dissolved in molten zinc, releas
ing fission product gases. Total retention of the iodine and 
other fission product gases is a basic goal of this concept 
study. Iodine and other volatile fission products that 
penetrate a salt layer above the metal will be removed from 
the closed decladding vessel in a purge-gas stream. 

5) Dissolution of cladding in mildly agitated zinc 
solution is completed, allowing the fuel to fall into the 
baskets. 

6) Fuel is removed from the decladding vessel in the 
metal baskets and transported to the next processing 
station (e.g., the voloxidizer' described by ORNL). 

Fuel material that is coarse is readily contained in the 
baskets. Fuel fines that migrate through the basket to the 
zinc phase are recovered after each day's operations by a 
technique that has been demonstrated with UO2 fines (see 
Chemical Engineering Division Annual Report, 1968, 
ANL-7575, pp. 29-31). The technique consists of con
tacting the molten zinc with a layer of molten fluoride salt 
above the metal, which effects transfer of the fuel to the 
salt phase. (The zinc-stainless steel solution, after monitot-
ing to verify that it does not contain actinides, is cast as 
lods for storage as waste.) The salt is removed from the 
de.cladding vessel and kept in a storage vessel during cleanup 
of the decladding vessel, then recycled. Processing of the 
salt is required only when the fuel concentration in the salt 
becomes high; the fuel loading limit for the salt needs to be 
established. The layer of molten salt over the zinc in the 



decladding vessel may also serve other purposes, e.g.. 
suppression of zinc vaporization and trapping of some 
fission product iodine. 

Material and heat balances around the decladding vessel 
have been prepared, along with preliminary cell layouts, 
showing that an inert-gas process cell, approximately 
cube-shaped and 30 ft on a side, would be adequate. The 
cell includes a floor-port fuel-unloading station, a saw for 
trimming excess hardware from the fuel assemblies, two 
decladding vessels, turret storage racks, salt-storage tanks, 
scales, hoists, manipulators, and auxiliary components. A 
criticality analysis led to the selection of a decladder design 
utilizing mass control rather than geometry control. 

A very brief, exploratory examination of a continuous 
decladding concept indicates that it may have advantages in 
comparison with the batch concept described above. The 
concept of continuous decladding. which provides for the 
continuous operation of a single decladding vessel rather 
than alternating use of two vessels, appears to merit further 
study. 

b. Studies of Cladding Dissolution in Liquid Metal 

zinc shot for various times and at several temperatures. The 
nature of the dissolution-disintegration process was 
deduced by examination of the cooled product by metal
lographic, electron microprobe, X-ray, and thermal-analysis 
techniques. 

A photomicrograph of a partially dissolved bar is shown 
in Fig. I-I. Adjacent to the unattacked steel in the upper 
right of the micrograph is a wide region of iron-zinc alloy in 
which the grain sizes increase with distance from the steel 
(diameters range from <0.04 to 0.1 mm). No relationship is 
apparent between the size of these grains and the size of the 
grains in the unreacted stainless steel. A large crack runs 
through this region toward the steel. At the lower end of 
the crack, the grains are of fairly uniform size, but become 
more thinly dispersed in the direction of the zinc melt. 

The evidence indicates that dissolution-disintegration 
begins with penetration of liquid zinc into the stainless steel 
and with the preferential diffusion of nickel from the steel 
into the zinc. Iron and chromium also enter the zinc, but at 
rates lower than that for nickel. As the surface of the steel 
is depleted of nickel, the structure of the austenitic gamma 
phase transforms into the ferritic alpha phase. 

Preliminary decladding experiments (see ANL-7550, 
pp. 13-15) had demonstrated the feasibility of decladding 
stainless steel fuel assemblies using liquid zinc at 800°C. 
Dissolutions were rapid and complete. Satisfactory separa
tion of the fuel from the zinc-stainless steel solution with 
negligible loss of fuel was observed. 

Dissolution Mechanism. Experiments were conducted to 
study the mechanism of dissolution-disintegration of type 
304 stainless steel cladding by liquid zinc. Stainless steel bar 
stock was heated in quartz tubes with known quantities of 

If sufficient zinc is present, all of the steel is dissolved in 
the liquid zinc. Cooling of this liquid from the dissolution 
temperature of 800°C causes a portion to transform to the 
delta phase, which is 20% more voluminous; thermal 
analysis indicates that the delta phase forms below 655°C. 

Equipment for Engineering-scale Investigations, The 
Plutonium Salt Transport Facility (described in ANL-7550, 
pp. 17-18), which was being built to demonstrate the 
complete pyrochemical process flowsheet, is being modified 
for study of the liquid metal decladding step to prepare 
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oxide fuel for aqueous processing. Only the gloveboxes for 
solids handling and decladding will be activated. 

Dissolution Rate. Three experiments were conducted to 
detetmine the relative rates of dissolution in liquid zinc of 
l',4.in.-dia discs of Zircaloy-2 (cladding for thermal reactoi 
fuel) and of types 304 and 316 stainless steel (potential 
claddings for fast reactor fuel). In each test, a disc (encased 
in tantalum except for a 3/4-in,-dia circular area in direct 
contact with the zinc) was attached to the bottom of a 
2-in.-dia agitatot. The agitatot was lowered into a 4'/i-in.-dia 
baffled tungsten crucible containing 3.67 kg of zinc and 
100 g of salt (to tetaid zinc vaporization) at 800°C. The 
agitator was rotated at 350 rpm to ensuie homogeneity of 
the liquid metal for sampling. Enclosing the sample disc in 
tantalum prevented the changing configuration of the 
dissolving disc from altering the mixing characteristics and 
also provided a fixed, known surface area in the eaily stages 
of dissolution. After about one hour of contact, the 
agitator-disc assembly was removed from the melt for 
inspection and analysis. 

Copper-antimony alloy, lecommended by Payrissat and 
Wurm," is being studied as a backup solvent to zinc. An 
experiment was performed in which a type 304 stainless 
steel disc was dissolved in Sb-18at.%Cu at the higher 
temperature of 900°C (necessary for adequate solubility of 
the stainless steel in the Sb-Cu alloy); the other experi
mental conditions were identical to those described for the 
zinc experiments. 

The initial fates of dissolution fot zinc and antimony-
coppet are given in Table I-l. Although the slowest dis
solution was observed for type 304 stainless steel in zinc, 
this system had previously been demonstrated on an 
engineeting scale to possess a satisfactory decladding rate. 

Effect of Irradiation on Dissolution Rate. Another 
experiment was conducted to test the effect of irradiation 
on the rate of stainless steel dissolution in zinc. A 
0.17-in.-dia by 2.6-in.-long, type 304 stainless steel rod that 
had been iiradiated in EBR-11 (to an irradiation level 
equivalent to a burnup of ~2.2 at. % for LMFBR core fuel) 
was dissolved along with five unirradiated type 304 stainless 

TABLE I-l . Relative Rates of Cladding Dissolution^ 

Solvent 

Dissolution 
Temp Rate 
CC) (mils/min) 

Type 304 stainless steel 
Type 316 stainless steel 
Zircaloy-2 

Zinc 800 - 2 
Zinc 800 - 4 
Zinc 800 20*^ 

Type 304 stainless sleel S b - I S a t . % C u 900 > 2 0 

i>Mild agitation was provided by a 2-in.-dia, S/8-in.-high agitator at 
350 rpm, 

t'After an 8-min induction period. 

Steel rods of identical geometry to compare their dissolu
tion rates. The rods were charged to 10 kg of zinc, which 
was agitated mildly (150-300 rpm) in a 5.6-in.-dia alumina 
crucible at 800°C. Samples of the zinc were taken 
intermittently and analyzed for irradiated steel content by 
measuring the ladioactivity of the solution (the original 4-g 
rod yielded a 25-R beta-gamma contact dose rate, with the 
principal activity due to =''Mn). The samples were also 
analyzed for total iron concentration by wet chemistry, and 
the dissolution tate of the uniiradiated stainless steel was 
obtained by subtraction. The irradiated steel rod dissolved 
about twice as rapidly as did the unirradiated rods and was 
completely dissolved in about 30 min. 

Stainless Steel Loading in Zinc. A series of four 
experiments was conducted to investigate the maximum 
loading of stainless steel in zinc at 850°C and to study the 
effects of loading on the dissolution rate. Type 304 
stainless steel rods (of 3/8-in. diameter by 1 in.) were 
immersed in 4.8 kg of zinc and 0.1 kg of salt at 850°C, and 
the system was agitated mildly. In all four experiments, the 
ifon and chtomium concentrations of filtered samples of 
the Hquid metal phase rose rapidly to about 5.8 wt % and 
1.0 wt %, respectively, and remained essentially constant 
thereafter. The nickel concentration in the zinc continued 
to rise until all of the nickel originally in the steel was 
dissolved. About one-half of the iron and chromium in the 
stainless steel charged in each experiment was in solution in 
the zinc; however, examination of the frozen ingots at the 
end of the experiments showed that the rods had com
pletely disintegrated. Sections of the ingots were metal
lographically examined (see above for the results of a more 
extensive study of the dissolution mechanism) and found to 
contain suspensions of finely divided grains of alpha iron 
containing zinc and chromium in solid solution. The 
maximum "solubiUty" of stainless steel in zinc is about 
6 wt % at 850°C, but even after the zinc is saturated with 
chromium and iron, rapid disintegration of stainless steel 
continues until loadings of at least 15 wt % (including the 
suspended solids) are reached. The resulting mixtures 
appear to be quite fluid, with no evidence of settling of 
solids; consequently, loadings of at least 15 wt % stainless 
steel may be possible when decladding with zinc. 

Other aspects to be investigated include (1) materials of 
construction for a full-scale decladding vessel, (2) behavior 
of sodium and certain fission products during dissolution, 
(3) proportion of volatile fission products released and 
trapped, and (4) alternative pyrochemical head-end 
processes. 

2. High-temperature Mixer-Settler Development 

A conceptual salt-transport process for FBR fuel (see 
ANL-7550, pp. 7-9) would utilize a semicontinuous 



mixer-settler for removal of rare earth and noble metal 
fission products from the fuel. 

a. Agitator-Pump Mixer-Settler Investigations 

The proposed design and mode of operation of a 
seven-stage mixer-settler for the separation of fission 
ptoducts from plutonium by molten salt-liquid metal 
extraction were described in ANL-7550, pp. 15-17. 

During the past year, investigations of mixing and flow 
characteristics' culminated in an agitator-pump and 
mixing-chamber design for one stage of a multistage 
mixer-settler. This design provides a 1-liter mixing chamber 
and a 7.0-cm-dia agitator that produces a high degree of 
agitation while reducing the bypassing of solutions to an 
acceptably low level. In a run, some of the salt and metal 
phases flow continuously between stages; other phases 
(captive phases) move batchwise between runs (Fig. 1-2 
shows a captive-metal stage). 

*GIT*TOn.VUMP 

SLEEVE TO PREVENT. 
U S ENTRtlNMENT 

MIXING CHAMBER 

VERTICAL BAFFLE 

HORIZONTAL BAFFLE 

FLOW ANNULUS-

PUMR INLET ORIFICE 

VIEW A-A 

Fig. 1-2. Arrangement of Mixing and Settling Chambers (captive-metal stage). 
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In normal operation with a two-phase system, both 
phases enter the zone above the mixing chamber and fiow 
downward. A horizontal baffie and a sleeve above the mix
ing chambei ptevem entrainment of gas in the flmds (and 
thus maintain mixing efficiency) if the liquid level is kept 
at least 3 cm above the baffle. In the mixing chamber, the 
two phases are mixed by blades attached to the pump rotor. 

A fixed horizontal baffle that has an 8.9-cm-dia opening 
is located at about midelevation of the mixing chamber. A 
horizontal disc, of 7.6-cm OD. is mounted on the agitatoi-
pump at the same elevation. Thus the chambet is divided 
into two mixing zones with a 0.65-cm annulai connection. 
This configutation. by decteasing top-to-bottom mixing and 
approaching the petformance of two total backmix' stages 
operating in series, is intended to reduce the amount of 
material that has short tesidence in the mixing legion. A 
series of tests conducted in a mock-up mixing assembly 
allowed the residence-time disttibution in the mixing 
chamber to be determined. 

The two phases in the mixing chambet eventually enter 
the bottom of the pump through the inlet orifice, are 
pumped up into the collecting chamber, and then flow into 
the settling chamber. After the fluids separate in the 
settling chamber, they flow either back to the mixing 
chamber (as is the case for the metal phase in Fig. 1-2) or to 
the mixing chamber of a following stage (as is the case fot 
the salt phase in Fig. 1-2). 

During development of the ptesent design, a number of 
tests wete performed in a mockup mixing assembly 
consisting of a stainless steel agitator-pump (built for use in 
a high-temperature furnace) and a transparent plastic 
chambet. Observation of two-phase mixing of water and 
organic phases showed that a high degree of dispersion can 
be achieved. Mixing-power and pumping-rate tests using 
water as a single phase also were conducted. Pumping rates 
were measured for different lifts, pump-inlet-orifice sizes, 
and rotational speeds. When there is reduced holdup (i.e., a 
lower liquid level) in the mixing section, the required lift is 
incteased. and as a tesult the pumping rate decreases. This 
holdup-flow relationship tends to stabilize operation of a 
multistage system. The mixing power is proportional to the 
cube of rotational speed. Pumping does not begin until a 
minimum speed is reached, and the maximum pumping rate 
is limited by the size of the pump inlet orifice. 

The pumping rate and mixing power delivered to the 
mixing chamber are both dependent on agitator-pump 
speed; Fig. 1-3 shows the relationship between mixing 
power and pumping rate at various agitatot-pump speeds 
for thtee diffetent sizes of pump inlet oiifice. If the 
exttactor is designed to provide satisfactory performance at 
a minimum agitator-pump speed of about 550 rpm. 

satisfactory extraction can be expected at all higher 
agitator-pump speeds and pumping rates. 

A high-temperature, single-stage mixer-settler was fabri
cated of type 304 stainless steel for operation with molten 
Mg-Cu alloy and hahde sah. The components were designed 
to give experimental flexibility and to fit into an existing 
furnace; nevertheless, the mixing chamber and agitator-
pump have the same configuration as that shown in Fig. 1-2. 

A series of extraction runs are being made in this 
mixer-settler to measure stage efficiency for the transfer of 
cerium from a metal phase to a salt phase. Cetium 
distributes strongly to the salt phase, allowing extraction 
out of the metal phase to be determined precisely with 
metal-phase samples. Cerium-141 tracer is used to facilitate 
analyses. Two runs have been completed in which cerium 
was transferred from Mg-40 at. % Cu to MgCli-
30 mol % NaCl-20 mol % KCI-3 mol % MgFj at 675°C. The 
sah-to-metal latios in the two runs were 0.2 and l.S. In 
both runs, stage efficiencies greater than 99% were demon-
sttated, based on radiochemical analysis for cerium-141 in 
the metal-phase samples. 

b. Larger-scale Studies 

Another facility was operated (1) to test mixer-settler 
components under typical pyrochemical-processing condi
tions (see ANL-7550, p. 18) and (2) to demonstrate the 
transport of uranium thtough a salt phase and to measure 
entrainment of liquid metal ip the salt. The test equipment 
consisted of a centrifugal pump, a constant-head tank, two 
mixer-settlers, a weigh tank, and a sump tank. At the start 
of each run, the first mixer-settler (mixer-settler 1) con
tained a Cd-2.2 at. % Mg alloy and utanium in excess of the 
solubility. Uranium was extracted from this alloy into the 
flowing salt (MgCli -30 mol % NaCI-20 mol % KCI) and then 

Fig. 1-3. Mixing Power-to-Pumping Rate Ratio for Agitator 
Pump as a Function of Agitator-Pump Speed and Size of Pump 
Inlet Orifice (pump lift = 16 cm). 



was extracted from the salt in mixer-settler 2 by a 
Cd-45at.%Mg alloy. Since magnesium is exchanged for 
uranium as the uranium is extracted, the magnesium 
concentration increased in the first alloy and decreased in 
the second. These two alloys were selected because they 
allowed demonstration of the salt-transport step in stainless 
steel apparatus. 

In the design used fot these mixer-settlers, the salt flows 
into a central, conical region (see Fig. 1-4), where it mixes 
with the liquid metal alloy. The salt then flows under the 
cone and baffle assembly and into the quiescent region 
outside the cone, where metal droplets separate from the 
salt by gravity. The salt leaves the mixer-settler tank 
through a standpipe, which maintains a constant salt level 
in the tank. 

Mass-transfer coefficients were calculated from the 
extraction data of one tun. Run MSL-4. During most of the 
run, uranium extraction in mixer-settler 1 was limited by 
the rate of dissolution of uranium metal rods (original size: 
3/32-in. diameter; 2 to 3 in. long) by the Cd-Mg alloy. The 
mass-transfer coefficient. KjA, in mixer-settler 1 ranged 
from about 20 to greater than 200 kg U/(min)(wt fraction 
U in salt phase). The higher values occurred after the 
uranium particles became small enough to be suspended by 
the mixer and are equivalent to a stage efficiency of about 
98%. The mass-transfer coefficient in mixer-settler 2 had 
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Fig. [-4. Mixer-Settler (dimensions in inches). 

the relatively constant value of about 55 kg U/(min)(wt 
fraction U in salt phase), which is equivalent to a stage 
efficiency of about 94%. The agitation speeds for the two 
mixer-settlers were 640 and 460 rpm, respectively, cor
responding to mixing power densities of 8.5 and 
3.6W/liter. 

In a salt-transport process, any entrainment in the salt 
phase of the metal phase from mixer-settler 1 would lower 
the achievable decontamination factor. Therefore, in 
Runs MSL-5 and MSL-6, the amounts of metal entrained 
with the salt flowing to mixer-settler 2 were measured. An 
irradiated copper tracer was used in each run to enhance 
analytical precision. Agitator speeds of 200 to 600 rpm and 
salt flow rates of 3.1 to 4.7 kg/min were employed. The 
average rate of entrainment in each run was 0.02 g Cd/kg of 
salt circulated. The entrainment rate apparently increased 
with agitator speed, but this trend was only barely 
detectable. This low level of entrainment is entirely 
acceptable for most process applications; for the present 
system, the decontamination factor for nobler elements 
would be limited to about 750 for a single stage as a result 
of entrainment. 

No further development of mixer-settlers is planned. 

3. Pyrochemical Purification of Plutonium-238 

Pyrochemical-processing techniques were investigated as 
a means of recovering and purifying plutonium-238 con
tained in various types of materials, such as scrap from the 
preparation of isotopic power sources. 

The Plutonium-238 Facility, described in ANL-7550 
(pp. 20-22) and in a topical report,' was used in two 
laboratory-scale experiments with plutonium-238. 

The procedure consisted of suspending impure ^ '^PuOj 
powder or microspheres in a molten chloride salt and 
reducing the plutonium to metal by mixing the salt with 
liquid Zn-Mg. The salt and metal phases were separated, and 
then a metallic plutonium-238 product was recovered by 
vacuum distillation of the solvent metals. This process 
effectively removed light-element impurities that con-
ttibuted undesirable neutron emission by (a,n) reactions 
with plutonium-238 alphas. In one experiment, the neutron 
count of the product was 2930 n/(sec)(g ^^'Pu) 
[2360 n/(sec)(g Pu)], compared with a neutron count of 
42,500 n/(sec)(g"*Pu) for the starting material (10 g of 
' " P u O j ) . The initial and final neutron counts for the 
product in the other experiment were 89,300 and 
3980n/(sec)(g^^''Pu). More than 90% of the plutonium 
charged was recovered in the vacuum-distillation residue for 
both runs; the remainder was largely in salt and metal 
streams that would be recycled in a full-scale process. 



Several experiments were performed with plutonium-
239 as a stand-in for plutonium-238. The materials used 
were " ' P u O ^ microspheres and "'PuOj-molybdenum 
cermets. 

In one experiment utilizing 10 g of " ' P u O j micro
spheres, the procedure was (1) reduction of " ' P u O j with 
a Mg-30wt%Cd leduction-donot alloy in contact with a 
MgCl2-42wt%CaCl2 salt system, (2) tiansport of the 
plutonium away from impurities that remain in the 
reduction-donor alloy by cycling the salt between the 
reduction-donor alloy and a Zn-25 wt %Mg acceptor alloy 
having a high plutonium affinity, and (3) recovery of 
plutonium-239 metal product by retoiting the acceptor 
alloy. High-purity zinc (nominally 99.9999 wt %Zn) and 
magnesium (nominally 99.995 wt % Mg) were used for the 
acceptor alloy. Of the 8.82 g of plutonium chaiged in this 
tun. 7.827 g was ttansferred to the acceptot alloy. Of 
6.58 g of plutonium retorted in this run, 6.05 g was 
recovered in the ptoduct. The light elements and uranium 
were successfully removed. 

Another experiment with ^"PuO^ microspheres (in 
which stainless steel also was charged) utilized the following 
procedure: (I) reduction with Zn-Ca in contact with a 
CaClj-KCl salt system. (2) addition of ZnClz to oxidize the 
plutonium and excess calcium in the reduction alloy to 
" 'PuCl j and CaCl, in the salt phase, (3) transfer of the 
^^^PuCls-bearing salt phase to a Zn-Ca acceptor alloy and 
teduction of the ^^^PuCls in the salt to plutonium metal in 
the acceptot alloy, and (4) recovery of the putified pluto
nium metal by tetorting the acceptor alloy. Spark-source 
mass-spectrographic analysis of the plutonium metal 
product indicated that the plutonium had been separated 
from the bulk of the iron and nickel charged, but not from 
chromium. There had been no removal of uranium im
purity, indicating that processes requiring high removals of 
uranium should use magnesium rather than calcium as the 
leducing agent. 

Two runs to recover high-purity plutonium metal from 
^^'PuOi-molybdenum cermet fuel utilized approximately 
the same salt, alloy, and transport scheme that were used in 
processing " ' P u O j except that the plutonium oxide was 
converted to the chloride by CuClz in the salt system prior 
to transfer of the plutonium to an acceptor alloy. Disinte
gration of the cermets was effected in both runs, but the 
plutonium metal product contained excessive concentra
tions of copper. 

These results indicate that pyrochemical processes are 
generally feasible for these applications, but that the 
techniques have not been sufficiently developed for use in 
production. Nevertheless, certain pyrochemical procedures 
may have immediate production applications. These include 

(1) reduction of ^ ' 'PuO^ scrap material to produce a 
metal alloy for subsequent aqueous processing, 
(2) reduction of relatively pure " ' P u O j to remove light-
element impurities and produce plutonium-238 metal 
simultaneously, and (3) disintegration of " 'PuOj-Mo 
compacts in a CuCl2-containing molten salt for aqueous 
processing. 

Work on this project was discontinued June 30, 1969. 

B FLUIDIZATION AND VOLATILITY PROCESSING 

The basis for the processing method based on fluoride 
volatihty is the reaction of fluorinating agents with fuel 
materials in fluid-bed systems to produce the volatile 
hexafluorides of uranium and plutonium, which are sepa
rable from nonvolatile fission product compounds. Since 
volatile fluorides of certain fission product elements ac
company UFj and PuF^, additional separation procedures 
are necessary to produce purified products. 

Laboratory investigations during the teport period con
cerned (I) a method fot the separation of uranium from 
plutonium in the fluorination step of the fluoride volatility 
process for oxidic FBR fuel, (2) the identification of 
ruthenium fluoride species in product streams from an 
oxyfluorination step, and (3) the sorption of ruthenium 
fluorides in cold traps. 

Also reported are the conclusions of conceptual design 
studies of a large fluoride volatility plant for processing 
FBR fuels, as are the results of supporting studies on pulsed 
beds; a continuous-feed, two-stage slab fluid-bed reactor; 
dense-phase tiansport of granular solids; and heat transfer 
from a heated surface to a fluidized bed. 

The results of the conceptual design and evaluation 
study indicate that fluoride volatihty methods are poten
tially attractive for application to LMFBR fuels, particu
larly for long-range fast breeder reactor fuels of very high 
performance. However, owing to a decision by the AEC to 
concentrate available funds on the development of the 
more conventional aqueous reprocessing methods for 
LMFBR application, the ptogram of development of 
fluoride volatility processes is being closed out. Work will 
continue on the application of fluidization technology to 
other portions of the fast breeder reactor fuel cycle. 

/. Reprocessing Fast Breeder Reactor Fuels 

- a. Engineering Investigations 

An engineering evaluation of the applicability of fluoride 
volatility methods to LMFBR fuel reprocessing was success
fully carried out by using the technique of developing a 



reference process design and a reference plant concept to 
identify key problems and areas of uncertainty. 

The design basis for the evaluation was a plant capacity 
of 1 metric ton of actinides per day from combined core 
and blanket fuel [15.000 MW(e) equivalent). A simplified 
version of the flowsheet (also published in the preceding 
report) is shown in Fig. 1-5. Results of this study have been 
presented in a topical report,** and the conclusions are 
repeated here. 

The application of fluoride volatility processing to 
LMFBR fuels is supported by a substantial body of basic 
and technological information that was generated in re
processing work with other nuclear fuel materials and in 
related processes. This information, coupled with several 
innovative design features, provides the basis for this 
conceptual design study. The reference process shows a 
high potential for handling highly radioactive, short-cooled 
fuel, as well as considerable flexibility in processing feed 
materials with a wide range of concentrations of fissile 
material. The conceptual plant has a practical size, com
parable to the size of existing plants that process LWR 
fuels. With optimization, a substantially improved process 
should be expected. 

The u:iiquely difficult characteristics of LMFBR fuels 
(namely, high plutonium content, high heat load, and high 
content of fission products) can be accommodated by 
appropriate design. In the reference process, use is made of 
continuous, slab-shaped, fluidized-bed fluorination reactors 
(fluorinators). The continuous system minimizes plutonium 
inventory and permits operating conditions that promote 
high plutonium throughput. The slab shape eases the 
heat-removal problem (by providing high wall area-to-bed 
volume ratios) and provides geometric control of criticality. 

The high content of volatile fission products in the fuel is 
accommodated by utilizing a "total containment" concept. 
Volatile wastes are converted to a solid waste form by 
sorption; rare gases are separated, compressed, and stored. 

The process appears to be technically feasible since the 
techniques employed-continuous fluidized-bed fluorina
tion, hexafiuoride cold trapping, fractional distillation, and 
pneumatic conveying of solids-are basic to other nuclear 
and chemical processes. Additional development work 
would be needed to confirm the economic feasibility of the 
process. 

An analysis of the reference process has defined a 
number of key problems, which are summarized briefly 
below and which could serve as a basis for developing an 
R&D program: 

1) Mechanical decladding requires study because of 
possible difficulties stemming from the high rate of heat 
generation and the requirement that all fuel oxide be 
removed from the fuel hulls. A continuous ball mill for 
separation of fuel oxide from chopped fuel cladding 
segments represents an initial concept for study. 

2) The continuous fluorination step will require devel
opment of reliable solids-feeding devices and unique equip
ment such as slab-shaped fluorinators and dual-stage 
reaction vessels. A requirement is that plutonium losses in 
the alumina waste from fluorination be low, 

3) Further development and testing are needed to 
determine whether plutonium decontamination by the 
proposed process will meet requirements. 

4) The preparation of mixed fuel oxides by direct 
fluidized-bed conversion of the mixed hexafiuorides should 
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Fig. 1-5. Fluoride Volatility Process for Fast Breeder Reactor Fuels. 



be studied on an engineering scale since work to date has 
been on separate conversion of UFj to UO2 and PuFj to 
PuO:, 

5) Total containment of radioactive and noxious off 
gases, although not an essential requirement, is a highly 
desirable goal. Where possible, gases would be converted to 
low-volume solid or liquid form by appropriate reactions. 
This concept needs development. 

6) Further work is needed to insure that ctiticality 
safety and containment of PuF^ will meet all requitements. 

7) The role of sodium in the process and its possible 
effect on plutonium losses will tequire additional study, 
since it is known that PuF^ can be sorbed irreversibly on 
sodium fluoride. 

Solutions to the above ateas of uncertainty do not 
appear to be unduly difficult since much information is 
already available on which to base a program of research 
leading to an attractive and workable process. For this and 
other reasons brought out in the report of the conceptual 
design study, it is concluded that the fluotide volatility 
process is potentially attiactive for application to short-
cooled, high-performance fast bteeder reactot fuels. 

b. Supporting Chemical Investigations 

Fluorination of Simulated FBR Fuels in a 2-in.-dia 
Fluidized-bed Reactor. Exploratory experiments have been 
carried out with simulated, oxidic FBR fuel in fluidized 
alumina beds to investigate the initial fluorination step of 
Fig. 1-5. A 2-in.-dia fluidized-bed reactot has been used to 
study the fluorination of fuels containing uranium, pluto
nium, and nonradioactive oxides of the fission product 
elements. Uranium is fluorinated to the volatile hexa-
fluoride with dilute fluorine, and plutonium is subsequently 
fluoiinated to the volatile hexafiuoride with concentrated 
fluorine. Fast bteeder reactor fuels were simulated by using 
a solid solution UO2-20.a wt % PuO; powder combined 
with a mixtute of noniadioactive oxides of fission product 
elements representative of LMFBR core fuel with a burnup 
of 100.000 MWd/metiic ton. 

A ftactional factorial series of five experiments was 
performed to determine how the plutonium content of the 
final fluidized bed was affected by oxidation of the fuel, by 
the time-temperature sequence in the plutonium fluorina
tion step (4 hr at 400°C and 4 hr at 550°C vs. 4 hr at 
500°C and 4 hr at 550°C), and by the rate of increase in 
fluorine concentration (fast ot slow) at the start of the 
plutonium fluoiination step. Fot this series of experiments 
neptunium was also added to the initial fluidized bed as 

Np02 powder to detetmine how this fuel constituent 
would be distributed under the processing conditions used. 

Plutonium concentration in the final fluidized-bed 
samples ranged from 0.09 to 0.21 wt %; these tesults 
correspond to 0.9-2.2% of the plutonium charged. The 
statistical evaluation of the results indicated that the 
plutonium content of the final bed can be reduced by using 
an oxidation step, by increasing the fluorine concentration 
quickly at the start of the plutonium-fluorination step, and 
by using 400°C rather than 500°C as the initial temperature 
in the plutonium-fluorination step. Two replicate experi
ments demonstrated that operating conditions can be 
chosen to reduce residual plutonium in the final fluidized 
bed to 1% or less of the plutonium charged. 

The highest rates of plutonium fluorination were 
observed at the start of the plutonium-fluorination period. 
The average rate of production of PuF^ at 400°C was 
2.2 lb/(hr)(ft^) with the teactor operating at an aveiage of 
53% of equilibrium for the reaction PuF4(s)-1-F2(g) =* 
PuF6(g). At 500°C, the avetage rate was 2.4 lb PuFj/ 
(hr)(ft^) at only 28% of equilibrium. An apparent activa
tion energy of 8.6 kcal/mol was calculated from reaction-
rate data as a function of temperature for this series of 
experiments and a series of experiments reported in 
ANL-7550, pp. 26-27. 

In two of the runs, NaF traps used to collect the UFg 
product in the uranium-fluorination step were taken off-
stream as soon as fluorine was detected in the reactot 
off-gas. Analysis showed high U/Pu ratios (5280 and 3700) 
in the traps, thereby indicating good sepatation of uranium 
from plutonium. When excess fluorine was present in the 
off-gas in this step, signifying that most of the utanium had 
been fluorinated, plutonium was then also fluorinated from 
the fluid-bed reactor. These results show that an initial 
separation of uranium from plutonium can be obtained by 
a suitable choice of operating conditions. 

About 1.7% of the uranium charged was fluorinated 
with the plutonium during the plutonium-fluorination step. 
Apparently, most of the molybdenum fluoiinated during 
the utanium-fluorination step, while ruthenium and 
neptunium fluorinated during both fluorination steps. The 
final fluidized beds contained about 1 to 2%> of the 
neptunium charged, 5 to 18% of the ruthenium charged, 
and <0.1% of the uranium charged. Calculations indicate 
that 6.9 to 10.3% of the AI2O3 was converted to AIF3 
during 10 to 20 hr of fluorination. 

Chemistry of Ruthenium. Fission product ruthenium is a 
major contaminant in the product streams of the fluoride 
volatility process because ruthenium forms several volatile 
compounds containing fluorine and oxygen. The chemistty 
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of these ruthenium compounds is only poorly understood, 
and is complicated by the existence of a number of stable 
valence states of ruthenium and a variety of volatile 
compounds that are transformed to other volatile com
pounds under process conditions. Chemical and theimo-
gravimetric studies indicated that the fotmation of volatile 
RUO4 by the reaction of RUO2 and oxygen is catalyzed by 
elemental fluotine. The thermal instability of RuO, toward 
decomposition to RUO2 suggests that the reaction of the 
dioxide with fluotine-oxygen mixtures leads to a mixture of 
ptoducts consisting of the slightly volatile RuF; and the 
ver>' volatile RUO4 which, on heating, are converted to a 
mixture of RuFs and nonvolatile RuOj. The formation of 
these compounds is in agreement with the results of 
experiments on the decontamination of PuF^. 

Decontamination of Plutonium Hexafiuoride. Bench-
scale studies wete carried out to test the proposed 
separation of ruthenium from plutonium hexafluoride by 
preferential condensation of ruthenium fluoride at -I0°C. If 
the only ruthenium species produced by fluorination of 
irradiated nuclear fuel is RuFj, adequate separation of 
ruthenium from PuF^ at -I0°C is predicted because of the 
large difference in vapor pressures of the puie inaterials at 
this tempetatuie. Mixtures of PUF4 and ruthenium metal 
were fluorinated, and the lesulting gaseous mixture was 
passed through a cold trap at -lO^C and then through a cold 
trap at -78°C. The quantities of ruthenium penetrating the 
-10°C trap were small fractions of the total luthenium, but 
neveitheless wete gieater by several orders of magnitude 
than the quantities that would have penetrated if the solid 
species in the trap had been RuFj alone. Comparison of the 
quantities of ruthenium in the exit gas from the cold trap at 
-78°C with the theoietical quantities fot various ruthenium 
species (calculated from vapor pressures) indicated that the 
small, more volatile fraction may be RUO4. The souices of 
oxygen fot the formation of this compound are believed to 
be surface contamination of the equipment and a small 
amount of RUO2 piesent in the lUthenium metal. The 
tentative identification of the highly volatile tuthenium 
species as RUO4 is consideied an impoitant step in solving 
the pioblem of separating traces of ruthenium contaminant 
from plutonium hexafiuoride. 

2. Fluidization Technology 

a. Continuous-feed, Two-stage Reactor 

Conceptual design studies of fluotide volatility process
ing plants for fast breeder fuels indicate that criticality as 
well as heat-removal considerations require fluorination 
reactors of slab-shaped design and approximately 4-in. 
thickness. To obtain information concerning the practical 
design and operation of continuous-solids-flow slab reactors 
of approximately this thickness, exploratory tests weie 

conducted, first on gas-distributor designs, then on 
mocked-up sections of Lucite slab reactors. In all tests, 
alumina was fluidized with air at ambient temperature. 

Initial testing was performed with a 4-in.-square Lucite 
column having an inverted-pyramid-shaped gas inlet section 
(gas distributor) 3 in. deep. In tests with a l/l6-in. gas inlet, 
spouting occurred. However, a 7-in.-deep gas distributor 
with a 1/2-in.-dia gas inlet appeared to give good fiuidiza-
tion in this column. Some downward flow of solids was 
observed when a 1/2-in.-dia gas inlet was used at superficial 
gas velocities of about 1 ft/hr, indicating that continuous 
countercurrent flow of solids might be possible without the 
use of downcomer pipes, thereby simplifying design. 

Continuous-solids-flow tests were performed with a 
two-stage column by adding another stage of 4-in .-square 
cross section above the original column. Each stage was 
36 in. tall. The gas distiibutoi for the upper stage was an 
inverted pyiamid with the same nominal depth. 7 in., as the 
lowei stage. The solids level in each stage was maintained 
constant by recycling solids from the lower stage to the 
uppei stage via a pneumatic jet-conveyoi device. A 
vaiiable-position truncated-pyramid-shaped plug (I- by 1-in. 
base, 24--in. by 2j-in. top, 3a--in. height) was inserted at 
various positions above the orifice of the upper stage. 
Control of solids flow through a 1-in. orifice was achieved 
over the range 10 to 9000 lb/(hr)(ft^) by adjustment of 
plug location and gas flow rate. 

A two-stage, slab-shaped, fluidized-bed column of 4-in. 
by 2-ft cross section and having six gas-inlet sections was 
mocked up of Lucite and tested qualitatively, i.e.. solids 
flow and the quality of fluidization wete observed. Down
ward flow of solids through the several gas orifices could 
not be stabilized, indicating the need for design improve
ment. Since relatively large openings are needed to allow 
solids to pass downwaid from the uppev stage, insertion of 
a "priming" device (such as an auxiliary gas jet) in each 
opening may be needed. 

A second two-stage, 4-in. by 2-ft Lucite column was 
fabricated which incorporated ( l ) a weir section for over
flow of solids from the upper stage to the stage below, and 
(2) flat drilled-plate gas distributors. The stages were each 
36 in. tall, and the downcomer section had a 4-in. by 4-in. 
cross section. Solids were continuously recycled from the 
lower to the upper stage by pneumatic conveying, simulat
ing a continuous feed. With a gas velocity of 0.75 ft/sec, 
fluidization quality was good in both stages during 27 hr of 
operation. At this velocity, the perforated distributor plate 
performed well; few or no static bed regions were observed 
in either plate. Solids recirculation with a jet conveyor was 
good, as was solids movement from the upper stage to the 
lower stage via the downcomer. Slugging, observed in the 
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downcomer at this velocity, should be avoided in future 

designs. 

Overall results indicate that fluidization quality and 
multistage contacting of gas and solids are satisfactory in 
slab-shaped, fluidized-bed reactors. 

b. Dense-phase Transport of Granular Solids 

Dense-phase ttanspoit of gianulai solids thiough pipe
lines has a numbei of potential applications in the nucleai 
fuel cycle, e.g., in the handling of powdeied nucleai fuels 
and paiticulate waste. This method of transporting powdeis 
through pipes differs from the conventional dilute-phase 
mode of pneumatic transport: in dense-phase transport, the 
solids are fed from a pressurized hopper and the solids-to
gas ratio is comparatively very high. Also, in dense-phase 
transport, velocities for solids and for gas are low, which 
may result in less attrition of solids and less eiosion of 
piping than in dilute-phase tianspott. 

intermittent upflow of gas through a bed of solid particles, 
causing the bed to expand; the bed contracts during the 
period when the gas flow is shut off. Additional data were 
obtained on bed expansion and pressure drop in pulsed 
beds by using four sizes of glass beads (average diameters of 
73 to 580 ;um) and 4-in.-0D, 1.25-in.-lD annular columns. 
The unique characteristics of pulsed beds, within the 
conditions studied,' were found to be: 

1) Pressure-drop patterns for a given pulse cycle are 
reproducible. 

2) Maximum pressure drop increases linearly as the 
pulsed-gas velocity is increased; "velocity" is the time-
averaged value. 

3) Bed-expansion ratio (maximum expanded bed 
height/static bed height) increases with (a) increasing gas 
velocity, (b) decreasing pulse frequency, and (c) decreasing 
fraction of on-period relative to off-period. 

Exploratoiy studies of the effects of motivating ait 
piessuie and dischaige-orifice diameter on the ttanspoit 
rate of solids were conducted in an appaiatus consisting of 
a 20-litei piessuiized solids-feed vessel (hoppei). a 
3/8-in.-ID, 55-ft-long, polyethylene ttanspoit line with a 
discharge orifice, a solids-collection vessel, and gas-flow 
instrumentation. Discharge orifices were 3/32, 3/16, or 
3/8 in. in diameter. Nominally 48-100 mesh alumina was 
the test solid. 

The results at various operating conditions (summarized 
in Table 1-2) show that highet piessutes in the solids-feed 
vessel gave highet solids transport rates. Similarly, higher 
transport rates were achieved with greater diametets of the 
dischaige oiifice. Overall results show that this technique is 
applicable to the ttanspoit of paiticulate materials typical 
of those contemplated for use in fluoride volatility 
processes. 

c. Pulsed-bed Studies 

Studies were continued on the pulsed-bed approach to 
fluidization (see ANL-7550, p. 32) as an ahernative to 
conventional fluidized beds with steady upward flow of gas, 
(The lattei is specified in the leference process design, 
Fig. 1-5.) Pulsed beds are obtained by controlled' 

TABLE 1-2, Operating Conditions and Results for 
Tests of Dense-phase Transport of Solids 

("oniinally 48-100 mesh alumina) 

Discharge-orifice diameter, in. 
Motivating air pressure, psig 
Air flow rate. cfm. at 70'F 

and I atm 
Solids transport rate, g/min 

3/32 
50.1 

0.042 
167 

3/16 3/16 
41.9 49,7 

0.02 
127 

0.042 
238 

3/16 
60 

0.081 
694 

3/8 
46.2 

0.042 
329 

4) The characteristics of beds composed of large or 
heavy particles are more regular at a given set of pulsing 
conditions than are the characteristics of beds composed of 
small or light particles. 

5) Good particle motion continues in a pulsed bed at 
average gas velocities lower than the velocity that would be 
the minimum fluidizing velocity if the bed were operated 
conventionally. 

6) For pulsed-bed behavior to be fully controlled, the 
on-period should not exceed an upper limit that is equal to 
the time requited for a gas bubble to form at the gas 
distributor and rise thiough the bed; nor should the 
off period be below a lower limit equal to the time required 
for the bed to settle to its height at minimum fluidization. 
The bed-expansion ratio can be predicted fiom on-petiod, 
gas velocity, and minimum bubbling velocity. 

The effects of pulsing conditions (gas velocity and on-
and off-peiiods), particle piopeities (size, density, thermal 
conductivity, and heat capacity), gas properties (density, 
viscosity, and thermal conductivity), heatei position, heatei 
length, and static bed height on heat transfer from a 
concentrically located heater to a pulsed bed also have been 
studied for four sizes of glass beads, aluminum shot, and 
copper shot. Heat transfer in pulsed beds was superior to 
that in conventional fluidized beds for beds consisting of 
large or heavy particles and for a short heater or a heater 
located in the upper part of the bed. 

A model was proposed for the heat-transfer mechanism 
in gas-solid particle systems. The proposed model was used 
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to calculate heat-transfer coefficients from particle resi
dence times and particle fluxes (measured from high-speed 
motion pictures) in both conventional fluidized beds and 
pulsed beds. Comparison of the calculated data with experi
mental heat-transfer data showed satisfactory agreement. 
The proposed heat-transfer-mechanism model can be used 
to estimate the heat-transfer coefficients in a pulsed bed. 

d. Basic Fluidization Studies 

The high rate of heat transfer at heating and cooling 
surfaces is probably the single most important property of 
fluidized beds. Despite the significance of this property and 
the relatively large effort expended in measuring fluidized-
bed heat-transfer rates, correlations of heat-transfer coef
ficients have remained empirical and generally limited to 
the specific apparatus involved in the measurements. 

As a first step in investigating the complex mechanism 
of heat transfer in a fluidized bed. the rate of heat transfer 
to the bed as a function of fluidized-particle residence time 
at a heater surface was considered. Two aspects of this 
problem were studied: ( l ) the case of infinite residence 
time of the particle (the bed at minimum fluidization with 
little or no particle motion) and (2) the case of finite 
residence time of the particle (the bed fluidized with 
particles in motion). 

A model was proposed'^ which describes the rate of 
heat transfer from a heater to a bed of particles for gas flow 
through the bed equal to that required for minimum 
fluidization. It was assumed in this model that all of the 
heat is removed by the flowing gas. Predicted heat-transfer 
coefficients for both cylindrical and flat heaters were in 
good agreement with experimentally determined heat-
transfer coefficients. It was also determined that the model 
adequately predicts heat-transfer rates for gas flows through 
the particle bed less than that required for minimum 
fluidization (packed-bed case). 

Two other models were proposed for unsteady-state heat 
transfer from a wall to particles moving within a fluidized 
bed. One model was based on a bed of spheres in 
orthorhombic array, and a second, simplified model 
approximated a bed of spheres by a series of alternating 
slabs to represent the gas and solid phases of a fluidized 
bed. Numerical analyses showed good agreement between 
models. Good agreement between theory and experiment 
was also obtained. 

C. CONVERSION OF FBR OXIDE FUELS TO 
CARBIDE FUELS 

initiated. The current work is devoted to the conversion of 
uranium oxide to uranium monocarbide, but the process is 
expected to be applicable to the production of (U,Pu)C in 
equipment installed in an alpha-tight enclosure. 

The method involves making small (~100 mesh), 
composite particles of uranium oxide and graphite, and 
reacting the oxide and graphite by passing the particles 
through and cocurrently with the plasma flame of an 
inductively coupled plasma torch pointed downward. The 
product, in the form of small, free-flowing spheres of 
carbide and unreacted oxide and carbon, is collected in a 
product receiver at the bottom of the reactor. The CO 
reaction product is removed from the reaction chamber 
along with the inert plasma-forming gas. 

The objective of the current work is to determine the 
operating conditions required to produce high yields of 
reactor-grade uranium monocarbide in order to assess the 
feasibility of a continuous production process using a 
plasma-torch reactor. 

A 25-kW, inductively heated plasma-torch reactor has 
been installed (see Fig. 1-6). The equipment consists of four 

Studies of the use of a plasma-torch reactor for the 
conversion of FBR oxide fuel to carbide fuel have been 

Fig. 1-6. Plasma-torch Installation for Studying the Conversion 
of Uranium 0):ide to Uranium Carbide. 
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major parts; the plasma torch, the reaction chamber, the 
high-frequency power "tank" and power supply, and the 
powder feeder. 

In preliminary experiments, uranium dioxide-graphite 
particles (containing 8.7 wt % carbon as opposed to 
4.8 wt %> carbon in UC) were fed into the plasma flame at 
0.6 to 0.9kg/hr. The carbon content of the effluent 
material from these experiments was 5.0 to 6.5 wt %. The 

carbon content of the product was lower at higher power 
levels (20 kVA), with lowei gas flow rates (132 scfh), and 
with higher hydrogen concentrations in the plasma gas 
(6 vol %). However, the oxygen content of the effluent 
material was nearly the same as that in the feed, indicating 
that the hot particles emanating from the torch might have 
reacted with atmospheric oxygen in the reaction chamber. 
Equipment improvements are under way to exclude oxygen 
and maintain an atmosphere of argon in the reaction 
chamber. 
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II. SODIUM TECHNOLOGY 

A. INTRODUCTION 

In July 1969, the ANL program in sodium technology 
was expanded. The major reason for assigning new sodium 
technology programs to ANL is the availability of EBR-ll as 
a test t'acility. Advanced equipment and procedures that are 
being developed for subsequent LMFBRs will be proof-
tested al EBR-11 

The ANL program contains work in the following ateas: 

1) Sodium Chemistry. Work in this area is aimed 
primarily at identification of species of impurity elements, 
reactions, and corrosion mechanisms-essentially to increase 
our understanding of the chemistry of liquid sodium. This 
is an ongoing program. 

2) Sampling and Analysis. ANL is being made the centet 
for the development of analytical methods for sodium. It 
does not have the sole responsibility foi development of 
sodium analyses, but it does have the lesponsibility for 
establishing lefetence and standard analytical piocedures, 
and for certifying them for national use. Development of 
sampling methods and equipment is a considerable part of 
this wofk. 

and stiuctutal materials for LMFBRs. Much of the materials 
compatibility work is carried out in the Materials Science 
Division and is not reported here. 

B. CHEMICAL DEVELOPMENTS 

The chemistry program on liquid sodium is directed 
toward developing a sound scientific foundation for 
(I) understanding the behavior of sodium's common non-
metallic contaminants (C ,0 ,H, and N), (2) interpreting 
and evaluating existing corrosion data, and (3) predicting 
potential corrosion problems in reactor sodium systems. Of 
special intetest theiefore ate the reactions of stiuctural 
elements, such as iron and nickel, with elements that can 
enter metals interstitially, such as caibon, oxygen, 
hydiogen, and nitiogen. In this connection, the stability 
and solubility of caibon-bearing compounds believed to be 
important in the tiansport of carbon between steels are 
being determined, and the importance of surface diffusion 
in the coirosion of metals in sodium systems is being 
assessed. In addition, the solubility in sodium of potential 
teactor cover gases is being measured. 

/. Sodium Chemistry 

3) Sodium Purification and Monitoring. At the maxi
mum sodium temperature of about 600°C now being 
considered for LMFBRs, corrosion by sodium is probably 
within acceptable limits for "well-cold-trapped" sodium. 
On-line monitors are needed, however, to indicate system 
upsets and deterioration of sodium purity. Considerable 
attention is being given to improvement and testing of 
meters for monitoring oxygen, carbon, and hydrogen in 
sodium, and to the calibration of the meters in place. 

4) Fission Product Behavior and Control. This area 
includes studies of the behavior of fission products in 
sodium, an assessment of the maintenance and shielding 
pioblems cteated by their presence, development of 
methods for their removal from sodium, development of 
on-line fission product monitors, and detection of fuel-
cladding failures. 

51 Cover-gas Studies. This includes work on the 
mechanism and control of aerosol formation in cover gases, 
and the monitoring of cover gases for hydrogen and fission 
product activities. 

6) Materials Compatibility. Many problems fall within 
this area. Two being investigated at present involve the 
transfer of carbon in primary and secondary sodium 
systems and the evaluation of vanadium alloys as cladding 

a. Characterization of the Disodium 
Acetylide-Sodium System 

One of the mechanisms proposed for the transport of 
carbon between steels in liquid-sodium systems involves 
disodium acetylide (Na2C2).' Carbon is transported 
through the sodium by dissolved acetylide, which is 
presumed to have been formed by the interaction of carbon 
at the appropriate activity in the steel and sodium. In an 
effort to substantiate this model, the stability and solubility 
of Na2C2 in sodium are being examined. A biief descrip
tion of the experimental methods being used and of the 
preliminary findings is presented below. 

Stability of Na^C^ • The theimal stability of solid Na2C2 
(99.5% purity) is being studied by differential thermal-
thermogravimetric analysis (under 1 atm of helium pres
sure) and by high-temperature X-ray powder diffraction. 
Differential thermal analysis revealed a reversible endo-
thermic change at 275°C. This change was shown by the 
X-ray study lo be associated with a transition of the solid 
from tetragonal (low-temperature) to cubic (high-
temperalure) symmetiy. No other significant features 
appealed in the thermogram up to about 700°C, where
upon vaporization and consequent loss of sodium became 
significant. 
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X-ray patterns were obtained up to about 450 C. The 
cubic structure of the high-temperature modification of 
Na2C2 persisted, suggesting that this compound is stable to 
at least 450°C, The X-ray study is being extended to higher 
temperatuies to define bettei the limits of Na2C2 stability. 
In addition, expeiiments to test the stability of the 
acetylide in the piesence of sodium are planned. 

Solubility of Na^C^ in Sodium. An attempt is being 
made to measure the solubility of Na2C2 in liquid sodium 
over the tempetatuie lange in which it is stable. The 
method involves equiUbiating leactoi-grade sodium with 
excess Na2C2 at a preselected tempeiature, pressurizing a 
sample of the melt through a nickel-frit drain into a 
collector, dissolving the sample in water, and assaying the 
resulting off-gas for acetylene by gas chromatography. 
Pieliminaiy results indicate that the acetyhde (C2~) con
tent in sodium is about 10 ppm near 550°C and that this 
level is invariant over a period of at least 70 hr. 

b. Studies of Surface Diffusivity 

w = 4.6(Bt)"'' for surface diffusion, (1) 

w = S.O(At)"-' for volume diffusion, (2) 

where B and A are constants at a given temperature and t is 

time. 

Eight different a-iron specimens were heated at 800°C 
for various times from I to 8 days. Many grooves on each 
specimen were examined. A typical interferogram is shown 
in Fig. II-2. The widest groove observed on each sample was 
selected for the kinetic analysis, and Fig. 11-3 shows a 
log-log plot of the groove width versus time at temperature. 
The linear relationship between log w and log t was fit by 
the method of least squaies. A slope of 0.22 with a 
standaid deviation of 0.04 was obtained, in reasonable 
agreement with the exponent 0.25 that Eq. 1 indicates is 
appropriate for surface diffusion. Thus, surface rather than 
volume diffusion is indicated as the mechanism of mass 
transport responsible for groove formation. 

This study was undertaken to determine the importance 
of surface diffusion in the corrosion and transport of a-iron 
in a liquid sodium environment. The technique employed is 
to obseive by inteifeience microscopy the development of 
grain-boundary grooves on polished a-iron surfaces. Experi
ments ate caified out at temperatures between 600 and 
880°C. Preliminary data on groove profiles and on the 
kinetics of their development have been collected at 800°C. 
These data and theii significance are discussed below. 

Groove Growth. The kinetics of groove growth may be 
conveniently described in terms of the width of the groove, 
w, shown in the schematic diawing of a groove profile in 
Fig, ll-l. In a liquid metal environment, there ate two 
possible mechanisms fot groove formation: surface diffu
sion of iron atoms along the solid-liquid interface and 
volume diffusion of iron atoms through either the bulk 
solid or the bulk liquid. Mullins^'' has shown that these 
two mechanisms lead to different grooving kinetics, 
namely. 

SODIUM 

Fig. II-2. Interferogram of an a-lron Surface Annealed in Liquid 
Sodium at 800OC. 
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Mullins' analysis of grain-boundary grooving showed that 
the parameter B in Eq. t is 

diffusion proceeds more rapidly in a liquid sodium environ
ment than in vacuum. 

B = DSL'TSL"'/ ' 'T. (3) 

where DsL is the diffusion coefficient for iron-atom 
movement along the solid-liquid interface, v is the surface 
atom concentration of iron, 75^ 'S the solid-Uquid inter
facial tension, il is the atomic volume, k is the Boltzmann 
constant, and T is the absolute temperature. A surface 
diffusion coefficient of DjL = 3 X ICT' cm^/sec is obtained 
from Eq. 3 by using the least-squares value B = 5.3X 
ICT '̂ cm^/sec and assuming 7 S L = 2000 erg/cm^, n = 
7,8 X ICT *̂ cm^/atom, and a bcc closest-packed surface 
plane with v = r " * n " ^ " . This result is larger than that 
obtained by Blakely and Mykura* in their study of a-iron 
grooving in vacuum, namely, Dgy ~ 5 X ICf̂  cm^/sec at 
800°C, and shows that surface diffusion of iron is en
hanced by the liquid sodium environment. 

Groove Profile. According to Mullins' theory, the profile 
of a grain-boundary groove formed by surface diffusion is 
different from one formed by volume diffusion. This 
difference is conveniently characterized by the relative 
ridge height of the groove, h/d, where h is the height of the 
groove ridge and d is the depth of the groove (see Fig, ll-l). 
Allen' has shown that 

h/d = 0.208 for surface diffusion; (4) 

h/d = 0.149 for volume diffusion. (5) 

Measurements of relative ridge height were made for 59 
grooves on the specimens heated at 800°C. A histogram of 
the results is shown in Fig. 11-4. The distribution has a 
maximum at h/d = 0.23, which agrees, within experimental 
error, with that expected for surface diffusion. 

In summary, the preliminary findings at 800°C indicate 
that surface diffusion is an important mechanism in the 
corrosion of a-iron by liquid sodium and that surface 
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al 8OOOC. 

c. Solubility of Helium in Liquid Sodium 

Information on the solubility in sodium of potential 
cover gases is needed by reactor designers and engineers to 
evaluate the possibility that exsolution of gas in the coolant 
circuit could lead to cavitation and/or bubble formation, 
and thus result in diminished sodium flow. Of the three 
potential cover gases, argon,* nitrogen,^ and helium, the 
solubilities in sodium of the first two have already been 
measured. The present study was undertaken to provide 
solubility data for helium. 

The measurements with helium were carried out in the 
same apparatus previously used to measure the solubility of 
argon and nitrogen in sodium. The experimental procedure, 
adapted from a method due to Grimes e? a/.,* was as 
follows. Approximately 2.5 liters of cold-trapped sodium 
was saturated with 'He-enriched helium gas in a stainless 
steel vessel (saturator) at a preselected temperature and 
pressure by circulating the gas through the metal for 2 hr. 
The saturated metal was allowed to stand overnight in the 
saturator at the same temperature and pressure. Approxi
mately 2 liters of the equilibrated sodium was then trans
ferred into another vessel (stripper) where the dissolved 
helium was stripped from the liquid sodium by sparging 
with an excess of recirculating argon. The argon-helium 
mixture in the stiipper was then drawn by a Toepler pump 
through a liquid-nitrogen-cooled Molecular Sieve trap' into 
a calibrated bulb. Helium passed unadsorbed through the 
trap, wher«as the argon was retained. The contents of the 
bulb were then assayed with a mass spectrometer. Helium-3 
was included in the saturating gas to distinguish between 
soluble helium and helium that was introduced inadvert
ently during the stripping step as a contaminant of the 
argon. 

The rempvsl of argon by the Molecular Sieves concen
trated the helium and thereby improved the analysis for 
helium. Tests were made to determine if helium was lost in 
this step. Known quantities of 'He gas were introduced 
into the stripper, and the sequence outlined above, be
ginning with sparging, was carried out. The resuhs of these 
tests, given in Table ll-l , show that (a) 100%) recovery of 

T A B L E [ I - l . Helium Recovery Tests 
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helium was obtained when the total amount of helium in 
sodium exceeded 20Mmol, and (b) below 20).imol, the 
recovery decreased rapidly with decreasing helium content. 
In the actual solubility measurements, helium recoveries 
ranged from 8 to 120/imol. For the few experiments (at 
350 and 400°C) that yielded <20/amol of helium, correc
tions were applied for partial recovery. 

Solubilities were measured as functions of both pressure 
and temperature. The pressure dependence was determined 
from 14 experiments carried out at ~500°C and at pres
sures ranging from 2 to 9 atm. Figure 11-5 shows the 
variation of the mole-fraction solubility of helium (cor
rected to exactly 500°C) with heUum pressure. The 
experimental points were fitted by the method of least 
squares to a linear equation with a slope (the Henry's law 
constant KH) of 1.56 X ICT'atm"'. On the basis of a 
statistical F-test made on the value of the intercept, the 
displacement of the line from the origin is insignificant. 
This can be seen in Fig, 11-5 by the position of the 95% 
confidence hmits. The solubility data, therefore, obey 
Henry's law. 
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Fig. II-6. Temperature Dependence of the Solubility of Helium 
in Sodium. 

The temperature dependence of the solubility was 
deteimined fiom about 30 expeiiments cairied out at 
approximately 50-degree intervals between 350 and 550°C, 
The data, shown in Fig, II-6 in terms of the Ostwald 
coefficient X (volume of helium dissolved per unit volume 
of sodium) and T in degrees Kelvin, were fitted by the 
method of least squares to a linear equation of the foim 
logXvs, 1/T. The regression hne '" in Fig. 11-6 can be 
represented by 

(350-550°C) log X = 0,511 -3070 T"', (6) 

Error analysis showed that at the 95% confidence level the 
deviation of the mean value of log X is +0.015; the 
corresponding error in X is ±3.6%. 

The heat of solution was calculated by differentiating 
Eq. 6 with respect to 1/T. For the standard state defined as 
one gram-atom of ideal gas compressed at temperature T 
into the molar volume of sodium at that temperature (a 
standard state useful in theoretical calculations), the heat of 
solution IS 14.1+0.6 kcal/mol. For the standard state 
defined as one gram-atom of ideal gas at one atmosphere 
pressure, the heat of solution is 13.0 + 0.4 kcal/mol. 
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No reported experimental measurements of the solu
bility of helium in sodium exist with which to compare the 
present data. A theoretical model that satisfactorily 
accounts for the measured helium solubility, however, has 
been developed in this laboratory. A description of this 
theoretical work appears in Sect. V.A.l.d. 

C ENGINEERING DEVELOPMENTS 

I. Sodium Purification and Monitoring of Sodium Purity 

Work has been initiated on the development, testing, 
evaluation, and improvement of purification devices and 
on-line monitors for impurities in sodium. 

The initial studies of purification of sodium will include 
an evaluation of insoluble getters and hot traps for removal 
of hydrogen and oxygen, and possibly carbon and nitrogen. 
A program to obtain sound design criteria and improve 
operating procedures for cold-trap purifiers will begin in 
FY 1971. 

On-line monitors for measuring the concentration of 
oxygen, carbon, and hydrogen are needed to study the 
chemistry of these impurities in sodium as well as to 
monitor their presence in LMFBR sodium coolant. The 
ability to detect abnormally high buildup of oxygen, 
carbon, or hydrogen in sodium is required so that corrective 
action may be taken to avoid excessive corrosion of reactor 
components. On-line hydrogen monitors are also needed in 
the secondary sodium system to detect small water leaks 
from the steam-generator tubes. Rapid detection would 
enable the reactor to be shut down before a leak propagates 
and causes widespread or catastrophic damage. 

Monitors and monitoring systems (which include means 
for on-line calibration), after being fully tested and certified 
in the ANL Sodium Technology Program, will be proof-
tested at EBR-11 and other national test facihties. 

a. Oxygen-activity Meter 

The oxygen meter currently under test at ANL is the 
electrochemical cell developed by the United Nuclear 
Corp. (UNC). This meter is based on a galvanic cell having a 
ThOj-lS wt % Y2O3 solid electrolyte, a Cu-CujO reference 
electrode, and a recommended operating temperature of 
600°F (315°C). The cell develops a voltage dependent on 
the activity of oxygen in the sodium. Possible improve
ments in the cell, such as replacement of the Cu-CujO 
reference electrode with Na-Na20 or oxygen gas, are being 
studied at Brookhaven National Laboratory. As improve
ments are developed, they will be tested in the ANL 
program. 

Two UNC electrochemical oxygen cells were tested and 
calibrated prior to shipment to EBR-II early in 1969. The 
cells were calibrated in the Sodium Analytical Loop (SAL). 
The calibration involved monitoring the steady-state cell 
output after various levels of oxygen were introduced into 
the loop by the decomposition of NaOH. Hydrogen from 
this decomposition was removed by gettering with zirco
nium. Prior to each addition of NaOH, oxygen was reduced 
to below 1 ppm by gettering with uranium. The technique 
of dip sampling and vacuum distillation was used to 
measure the NajO concentration. 

The data yielded the following calibration equations 
relating oxygen concentration to eel! voltage at 600°F: 

Cell TP-285 In O(ppm) = 54.2 - 45.0 V, 

CellTP-286 In O(ppm) = 56.4 - 46.9 V, 

where V is the cell output in volts. The theoretical value for 
the slope at 600''F is -39.4. The higher values (-45.0 and 
-46.9) observed experimentally cannot be accounted for at 
present. The cells were shipped to EBR-II, where they will 
be installed in the secondary sodium system. 

Two other noncalibrated UNC cells have been operated 
in static sodium at EBR-11, one in a radiation field 
(cold-trap room), the other isolated from the radiation. 
Periodically, the placement of the cells is reversed to 
determine if measurable effects of radiation have taken 
place rather than normal drift or aging. To date, no effects 
of radiation have been observed. These results do not 
completely^ agree with earlier tests (possible with earlier cell 
models) at Atomic Power Development Associates in which 
significant radiation effects were noted occasionally. 

Additional experience with long-term operation of the 
UNC oxygen cells in flowing sodium is needed as well as 
information on the effects of higher radiation levels. 
Therefore, plans are being made to test cells in the 
Radioactive Sodium Chemistry Loop(RSCL) that is being 
constructed for the EBR-11 primary sodium system. These 
cells will be supplied by Brookhaven National Laboratory, 
and will be tested and calibrated at ANL-Illinois before 
installation on RSCL. On-line calibration techniques will 
also be developed at ANL-Illinois for use in these long-term 
tests. Two calibrated cells will be shipped to EBR-II in 
mid-1970 for testing in the RSCL. Additional calibrated 
cells will be supplied to EBR-II as required. 

b. Carbon-activity Meter 

Knowing the activity of carbon in LMFBR sodium is 
important to reactor operators since the strength of 
materials of construction and cladding can be adversely 
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affected by corrosion if the carbon activity is abnormally 
high. UNC has developed an on-line carbon-activity monitor 
that measures the flux of carbon diffusing through an iron 
membrane immersed in sodium at about 1400°F (760°C). 
The Chemical Engineering Division has one of the three 
carbon-activity meters made available by UNC for field 
testing. This meter will be tested to determine its reliability 
of operation and its response to the typical steady-state 
conditions (e.g.. temperature and impurity levels) of EBR-II 
sodium as well as abnormal releases of carburizing agents 
into the sodium. For these experiments, the meter is being 
incorporated into the Test and Evaluation Appa
ratus (TEA), which is shown schematically in Fig. II-7. 

TEA is constructed of type 304 stainless steel. It has a 
capacity of 40 to 50 lb of sodium and a maximum pumping 
rate of 8.5 gpm in the I/2-in. schedule 40 pipe of the main 
loop, which is of welded construction for operation at 
temperatures up to 1 200°F. There is an on-line distillation 
sampler (dip type) in the main loop and a freeze-line 
sampler in the purification loop. The response of the 
carbon-activity meter will be correlated with the rate of 
carburization of metal specimens mounted in a test section 
adjacent to the meter. During the course of these experi
ments, various changes in the design of the iron-membrane 
probe and the detector system will be tested in an effort to 
improve the meter. 

Attempts to improve the meter are also being made by 
experiments in which probes are tested in sodium contained 
in stirred vessels. This type of equipment is also being used 
to determine meter response to various carbon-bearing 
species that may be important in carbon transport in 
sodium systems. 

The most reliable model of the carbon-activity meter 
that is developed in this program will be prooftested at 
EBR-II in the Radioactive Sodium Chemistry Loop 
(RSCL). Methods of on-line calibration and of checking 
meter response to a sudden change in carbon activity will 
be developed by work with the TEA. Later, these methods 
will be incorporated into the operation of the carbon-meter 
station at RSCL. 

c. Hydrogen-activity Meter 

Design and calculational studies are under way on an 
on-line monitoring system for hydrogen in sodium. Initial 
emphasis will be on the rapid detection of minute water 
leaks from the LMFBR steam-generator tubes into the 
secondary sodium. This enables the reactor lo be shut down 
for repairs before such leaks propagate to adjacent tubes or 
become so large that catastrophic damage ensues. The main 
requirements for a leak indicator are sensitivity, rapid 
response, and reliability. It may be necessary to detect 

1 - TRANSFER LOCK OR DISTILLATION TUBE 
2 -LIOUID METAL VALVE 
3 -VACUUM GATE VALVE 
4 -SAMPLING-EXRaNSION TANK 
5 -COLD TRAP 
6 - LINE COOLER 
7 -FREEZE-LINE SAMPLER 
8 - E M PUMP 
9 -FLOWMETER 
10 - DRAIN TANK 
11 -CARBON METER PROBE 
12-COUPON EXPOSURE TUBE 
13-GATE VALVE 
14 - BALL VALVE 

PURIFICATION LOOP 

MAIN LOOP 

Fig. H-7. Test and Evaluation Appara tus (TEA) . 
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changes in hydrogen concentration as small as 0.01 to 
0.02 ppm within a fraction of a minute. The meter must be 
reliable since false indications of water leakage could result 
in unnecessary reactor shutdown. 

Oxygen-activity meters could also be used for detection 
of water leaks into sodium. Such meters have fast response 
and high sensitivity, and may eventually be superior to 
hydrogen meters as leak detectors. However, oxygen meters 
are not yet well enough developed for use on large 
engineering systems. 

To respond to the immediate needs of facilities using 
sodium-heated steam generators, the work on water-leak 
detection is being concentrated on development of an 
on-line hydrogen monitor similar to that used successfully 
at Electricite de France.' ' This simple, apparently rugged 
monitor is based on diffusion of the hydrogen in the 
sodium through a nickel membrane and detection of the 
hydrogen with a mass spectrometer. A vacuum is drawn at a 
steady rate on the membrane, thereby creating a hydrogen-
activity gradient from the sodium side to the vacuum side 
and causing the hydrogen to diffuse. The partial pressure of 
hydrogen on the vacuum side, determined with the mass 
spectrometer, is a measure of the hydrogen flux through 
the membrane. A rapid increase in hydrogen flux through 
the membrane would be an indication of a water leak into 
the sodium. 

Response rates for the nickel membranes used in such 
hydrogen meters have been calculated. These calculations 
indicate that for a 10-mil membrane at SOO^C, the change 
in hydrogen flux on the vacuum side of the membrane will 
reach 70% of the total change in flux with 10 sec after a 
step change in the hydrogen concentration of the sodium. 

Equipment for a hydrogen meter based on a nickel 
diffusion membrane and a mass spectrometer is being 
assembled and will be installed and tested on the SAL 
facility described above in Sect. II-A.2. 

2. Fission Product Behavior and Control 

Introduction into the sodium coolant of fission product 
activities from fuel elements and of activated corrosion 
products can lead to technical problems in LMFBR plant 
operation. Work to define these problems is under way. and 
includes calculational evaluations of the release rates and 
migration of fission products in the reactor sodium. 
Preliminary results of this continuing calculational study 
indicate the importance of investigating the behavior of 

short-lived fission products. A model will be developed for 
computer programming to predict fission product concen
trations and radiation levels throughout the reactor. 

Experimental determinations of the transport and de
position of short-lived fission products in flowing sodium 
are being planned. The design and construction of a small 
experimental facility containing 1-2 gal of flowing sodium 
is being considered for these studies. The irradiation source 
has not been chosen yet. Gamma spectroscopy would be 
used in the identification of key isotopes. Since the 
presence of ^^Na and ^^Na from the irradiation of sodium 
would further complicate the already complex gamma 
spectra of mixed fission products, fuel targets will be 
irradiated while separated from the sodium and then 
quickly inserted into the flowing sodium. 

This effort is expected to result in improved methods of 
detecting failed fuel elements, and of differentiating be
tween innocuous leaks and serious failures that can propa
gate damage by restricting or stopping sodium flow. 

3. Nature and Control of Formation of Sodium Aerosol 

The objective of this work is to assess the magnitude of 
formation of sodium aerosol at proposed LMFBR condi
tions. Proposed LMFBR sodium temperatures during 
normal reactor operation range from about 425 to 650°C. 
The corresponding range of sodium vapor pressure is 0.73 
to 52 Torr. In the pool-containment approach (used at 
EBR-II and proposed for LMFBRs), the cover gas is 
exposed to the full range of sodium temperatures. 

The fraction of sodium vapor condensed to aerosol on 
cooling the sodium vapor-carrier gas mixture will depend on 
the ratio of thermal diffusivity to mass diffusivity in the 
mixture. High mass diffusivity will tend to promote direct 
condensation on the cooler surfaces above the sodium pool, 
whereas a low mass diffusivity will tend to promote aerosol 
formation within the cool gas-boundary layers. However, 
no experimental data on the diffusivity of sodium vapor 
have been found. For nonpolar simple gases, diffusivities 
may be estimated from viscosities; correlations for making 
such estimates for sodium are being examined. 

The first experiments will be done in an inert-
atmosphere glovebox. Sodium will be heated in a long tube 
cooled at one end, and an attempt will be made to view 
aerosol formation through a Pyrex window in the tube. The 
gas phase will be sampled and analyzed to determine the 
mass concentration of sodium aerosol. 
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III. MATERIALS CHEMISTRY AND THERMODYNAMICS 

A, HIGH-TEMPERATURE THERMODYNAMIC STUDIES 

The objective of this program is to obtain phase-diagram, 
thernxidynamic, and chemical data that can be used to 
interpret and evaluate performance of fast-breeder-reactor 
fuels. This information will aid in understanding and in 
selecting methods for control of fission product distribu
tion in the fuel, cladding attack by corrosive fission 
products, plutonium segregation, and fuel swelling. In 
addition, these data will help to identify phases formed in 
t'uel under operating conditions and to choose additives for 
controlling the chemical potentials of fuel anions and those 
fission products that are deleterious to prolonged fuel-pin 
lifetimes. The high-temperature investigations of the 
U-Pu-O and U-Pu-C fuel systems include mass-spectromelnc 
vapor-pressure measurements, phase-diagram studies, and 
activity measurements by transpiration. 

I. Volatilization Studies of Plutonium Compounds by 
Mass Spectrometry 

a. Pu-O and U-Pu-O Systems 

Mass-spectrometric studies of the volatilization behavior 
of the Pu-O system are nearly complete. Measurements of 
the Pu-U-0 system have been initiated. The purpose of 
these studies is to determine (1) the composition of the 
vapor phase in equilibrium with the condensed phase(s). 
(2) the partial pressures of the vapor species as a function 
of temperature, and (3) the thermodynamic properties of 
the vapor species and condensed phases. 

To determine the heats of formation of Pu02(g) and 
PuO(g). the vapor pressures have been measured over three 
condensed-phase compositions: (1) single-phase PuO] gats) 
where congruent effusion apparently occurs: (2) Iwu-phase 
PuO,.6,(s)-Pu203(s), and (3) two-phase Pu203(s)-Pu(C). 
The results of the PuO|.),3 and PuOi .6i-PU2O3 measure
ments were previously reported (see ANL-7550. p. 35). 

However, additional measurements have now been made 
over PuOj _6i-Pu203 to extend the temperature range for 
detection of PuOjtg) [the PUO2 pressure is con
siderably lower than that of PuO(g) and Pu(g) over 
PuO,.6,(s)-Pu203(s)|. 

The pressures over PuO| _6i-PujOs have been measured 
mass spectrometrically for the reactions 

7.33Pu203(s)= 13.66PuOi.6i + Pu(g), (1) 

2.77 Pu203(s) = 4.54 PuO, .̂  , + PuO(g), (2) 

and 

4.54 P u O , . M ( S ) = I 77PU2O3 +Pu02(g). (3) 

The enthalpies of reaction for Reactions 1 and 2, obtained 
from a numerical average of all the data, differ insignifi
cantly from the values reported in ANL-7550. For Reac
tion 3, an enthalpy of reaction of 132.0 ± 4.4 kcal/mol was 
obtained from an average of four values; this differs 
considerably from the previously reptirted value 
(126.2 ± 4.9 kcal/mol) obtained from the first experiment. 

Preliminary results of the Pu203(s)-Pu(G) vaporization 
experiments yielded heats of vaporization for the reactions 

and 

Pu(C) = Pu(g) 

1/3 Pu+ 2/3Pu203 = PuO(g) 

(4) 

(5) 

of 76.3 kcal/moi Pu and 106.7 kcal/mol PuO, respectively. 
Some further work is planned to verify the heats and 
entropies for Reactions 4 and 5. 

The results of this study may be used to calculate 
provisional free energies of formation for PuO^fg) and 
PuO(g). Free energies of vaporization for each of the three 
condensed-phase compositions are given in Table lll-l. 

TABLE l l l - l . Free Knergy of Vaporization f rom Plutonium Oxides 

Condensed Phjst-

PuO 1,92 

l-uOl-SJ 

P u j O j - P u O , 61 

Pu(C)-Pu203 

Aulh. j r 

AKR' 

This Researcii 
This Research 

AFR' 

This Research 
This Research 
This Research 

This Research 
This Research 

Case.JUS 
Phase 

PuO 2 

PUO2 
PuO 

P u O 

PuO 2 
PuO 
Pu 

PuO 
Pu 

AG (ir AG ( 

135600 ± 1300^ 

138800 ± 1000 
127200 ± 2 7 0 0 

127100 + 2500 

132000 1 4 4 0 0 • 
118400 ± 1000 
1 1 0 0 0 0 ± 1 7 0 0 

106200 ± 2000*^ 
76300 ± 2600h 

cal/mol) 

( 3 1 . 8 ± 0 . 7 ) T 

(35.6 ±O.S)T 
(30.7 ± 1.2)T 

(37.0 ± l .2)T 

( 2 8 . 0 ± 2 . 2 ) T 
(32.7 ±0 . 5 )T 
(24.0 ± 0 . 9 ) T 

(29.5 ± 1.0)T 
(19.9 ± 2.0)T 

AG200O " t AG200O 
(cal/mol) 

65400 

67600 
6 5 800 

53100 

76000 
53000 
62000 

47200 
36500 

^Uncertainties are standard deviation. 
bEslimaled uncertainly. 
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These ftee enetgies ate compared witli tliose computed by 
Ackermann. Fairclotli. and Rand (AFR)' ffom theit 
measurements of total pressute. [They assumed that the gas 
ovet PuO,.,2 is essentially all PuOjCg) and that over 
PuaOj-PuOi.ti isallPuO(g).| 

Paitial molat free energies of oxygen and plutonium 
were calculated for each region from the plutonium 
ptessutes. oxide pressures, and the free energy of formation 
of Pu02(s).^ These partial molat quantities wete used in 
tuin lo compute ftee energies of formation for PuO(g) and 
Pu02(gl. Our values for PuO(g) and Pu02(g) are compared 
with those of AFR in Table I1I-2. This table also contains 
other thermodynamic quantities for the Pu-O system. The 
AFR data are based on measurements'" of oxygen ovet 
Pu-O by an emf method, which we have adjusted to more 
recent AGf°(Pu02) values.^ Wheteas out slopes and intei-
cepls in the equations fot the pattial molat ftee enetgies of 
oxygen and plutonium ovet two-phase PU2O3-PUO1 .^i 
differ considerably from those of AFR, the free energies 
calculated at 2000°K are in reasonably good agreement. 

b. Pu-C System 

As part of an investigation of the thetmodynamic 
properties of mixed carbides, the volatilization behaviot of 
the plutonium catbides has been investigated by combined 
mass-loss and mass-specttometric Knudsen effusion studies. 
In patticulat, attention was focused on the univatiant 
condensed systems PU2C3+C, PUC2+C, and PU2C3-t-
PuC2. Preliminary results obtained for the condensed 
systems PU2C3-i-C and Pu2C3-t-PuC2 wete previously 
reported (see ANL-7550, p. 37). The investigation of 
the thtee condensed systems noted above has now been 
completed, and a paper entitled "A Mass-Spectrometric 
Study of the Volatilization Behavior in the Plutonium-

Carbon System" 
study follows. 

has been written. A summary of this 

Out mass-spectrometric analysis of the vapor phase in 
equilibrium with the solid mixtures PujCj-i-C, 
PU2C3-i-PuCi, and PuCj + C in the tempetature ranges 
1579 to 1933°K, 1933 to 2299°K, and 1933 to 2348°K, 
respectively, showed that Pu(g) was the predominant vapor 
species. 

From considerations of the mass-spectrometric data, 
X-tay diffraction, and chemical analyses of sample tesidues, 
and a phase diagram, we have concluded that vaporization 
of Pu(g) occurs primarily by the following reactions: 

l/2Pu2C3(s) = Pu(g)-i-3/2C(s) (<1932°C), (6) 

2Pu2C3(s) = Pu(g)-i-3PuC2(s) (>1932''C), (7) 

PuC2(s) = Pu(g)-i-2C(s) (>1932°C), (8) 

although the exact composition of each of the condensed 
phases is unknown. 

The enthalpies of teaction for the three reactions were 
determined by the second-law method from mass-
spectrometric measutements of the ion intensity of Pu* as a 
function of temperatute. Mass-effusion rates were used to 
determine vapor pressures and these, combined with the 
skipes derived from the temperature-dependence data, were 
used ttt evaluate the intercepts. The following equations fot 
the vapot pressures as a function of temperature were 
derived for Reactions 6. 7, and 8, respectively; 

R l n P = 
97590± 1080 

•I-20.6 ± 0.64; (9) 

TABLE 1II-2. Thermodynamic Properties of Flutonium-Oxygen Sysl 

Phase and 
Ciimposition 

PuOjis) 

PuO, 9 2(s) 

PuO,.83(s) 

Pu203(s)-PuO| 6 i ( s l 

Pu(C) Pu203(s) 

Pu02(g) 

PuO(g) 

-Author 

See Ref. 2 

A K R l 
A t R l Revised^ 

This Research 
This Research 

AKRi 
AKRlReviseda 
This Research 
This Research 

This Research 
This Research 

A F R l Revised^ 
This Research 

A F R l Revised^ 
This Research 

tree Kner 
Free 

AGf = 

AGO 2 = 
AGpu = 

AGO 2 = 
AGpu = 

A G 0 2 = 
AGpu = 
A G 0 2 = 
AGp„ = 

A G 0 2 = 
AGpu = 

AGf = 
AGf = 

AGf = 
AGf = 

gy ..f F<. 
Knergy 

-244200 

-225000 
-18400 

-199700 
-44500 

-183500 
-57400 

-203700 
-33700 

-248600 
0 

-107 800 
-105400 

-22000 
-17500 

rmation or Partial Malar 
Fquation (cal/mol) 

+ 41.4T 

+• 76. IT 
35.6T 

+ 8000 + 
± 8000 -

t 2 I .6T 
* 14.5T 
± 5 5 0 0 t 
± 3100 + 

± 9 6 0 0 + 

+ S.4T 
+ 3500 * 

- 11.7T 
± 3 5 0 0 -

(48.2 ±4 .0 )T 
(7.5 ± 4 . 0 | T 

(29.0 + 2 . 8 ) T 
(4.1 ±1 .6 )T 

(34.5 ± 4 . 9 ) T 

(5.1 + 1.7)T 

(13.5 ± 1.8)T 

^^^^2000 "̂ r AG2000 
(cal/mol) 

-161400 

-72800 
-89600 

-103300 
-59500 

-140300 
-28400 

-145700 
-25500 

-179600 
0 

-97000 
-95200 

-45400 
-45300 

2AFR data adjusted to more recent iGHPuO?) values.^ 
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^ , ^ p ^ _ 1 1 8 7 2 0 ± 1080^ 31.6 ± 0 6 4 ; (10) 

R In P = 882901540 
+ 15.810.41. (11) 

The eutectoid temperature, i.e., the temperature at 
which Pu2C3(s), PuC2(s). and C(s) are in equilibrium, was 
estimated to be 1932°K by averaging four values for the 
intersection of the plutonium vapor pressure curves. This 
agrees with the value of 1933 l 15°K estimated by Reavis.^ 

The enthalpy and entropy of formation of Pu2C3(s) 
from the elements were evaluated at the reference tempera
ture 298°K by combining vapor-pressure data with 
H^-H298 and Sy-S298 data. The values are AHf^gg = 
-32.28 12.20 kcal/moi and ASf^9 8 =+10.18 1 1.20 eu. 

The enthalpy of formation of PU2C3 calculated from 
this research is compared with literature^"' values in 
Table III-3. Good agreement with the average of the 
experimental values (excluding that of Huber and Holley) is 
evident. However, it is evident from the range of values that 
definitive measurements of the heat of combustion would 
be desirable. 

2. Phase Diagram of the Uranium-Plutonium-
Oxygen System 

The dominant feature of the U-Pu-O ternary phase 
diagram'° is the existence of a fluorite solid-solution phase 
field which extends across the diagram from the uranium-
oxygen side to the plutonium-oxygen side. The hypo-
stolchiometric boundary of this phase field at elevated 
temperatures, although of considerable interest in the field 
of fast-reactor fuels, had not been established except at the 
two sides of the diagram. The establishment of this 
boundary was chosen as the major goal of our study of the 
U-Pu-O system. To establish the hypostoichiometric 
boundary of the ternary phase [i.e., (Uo.8Puo.2)02-xl-
alloys of uranium and plutonium were equilibrated with 
U-Pu oxide crucibles. Crucibles were prepared from mixed-
oxide powder [U/(U + Pu) = 0.198] by pressing in a 
0.50-in. die at 51,000 psi. In order to avoid contamination, 
no binder or die lubricant was used. The crucibles were 
sintered for one hour in vacuum at 1370°C followed by 

TABLR III-3. Heal of Formation of PU2C3 

Author AHf298(f'J2*-'3' (kcal/mol) 

Olsen and Mulford^ 
Harris, Phillips, Rand, and 
Tetenbaum*^ 

Lapage^ 
Huber and Holley^ 
This Research 

-24.6, -27.4a 

+ 3,4 
-32.3 

^Calculated from PU2C3-C and PuC-Pu2C3 regions, respectively. 

4hr in helium at 1685°C. The uranium-plutonium alloys 
were prepared by melting uranium with portions of a 
40at. %U-60 at. %Pu alloy in an arc furnace on a water-
cooled copper hearth. The equilibration between alloys and 
crucibles was carried out in a tungsten resistance furnace in 
a helium atmosphere. The average charge in one of these 
experiments was 5.5 g, about 2.3 g of alloy and a 3.2-g 
crucible. 

The equilibration tests were carried out at constant 
temperature. After coohng, the products were mounted in a 
cold-setting resin, sectioned with a 10-mil diamond saw, 
polished, and then examined metallographically. Many 
similarities to comparable products from equilibrations of 
uranium with uranium dioxide crucibles were apparent. 
Oxide growths had formed between the alloys and the 
crucibles. Numerous metallic particles were observed in 
both the crucibles and the oxide growths; the particles were 
primarily located at grain boundaries of the fluorite oxide 
phase. Apparently, the oxide crucible and the oxide growth 
had both been single-phase fluorite oxide at the tem
perature of the equilibration, and the metallic parficles, 
identified by electron-probe microanalysis (EPM) as U-Pu 
alloys, had precipitated during cooling to room 
temperature. 

Examination of crucibles and alloys after initial equili
bration, using electron-probe microanalysis, showed that 
the Pu/(Pu + U) ratios in the alloy and in the oxide 
crucibles were different. Further experiments and analysis 
revealed that the Pu/fPu + U) ratio was 0.1 in the metal 
alloy equilibrated with the metal-rich oxide having a 
Pu/(Pu + \J\ ratio of 0.2. This relation was found to be 
nearly independent of temperature in the range from 1588 
to 2215°C. Since the plutonium ratios are lower in the 
alloy than those in the oxide, the oxide growing between 
the alloy and crucible as the alloy reacts with the crucible 
forms with a decreasing plutonium gradient (from crucible 
to alloy) and an increasing uranium gradient. This will 
occur whether the initial alloy has more or less plutonium 
than that in equilibrium with (Uo.8Puo.2)02-x- Thus, the 
initial reaction produces an oxygen-depleted crucible 
separated from the U-Pu alloy by an oxide of variable 
plutonium and uranium concentration. To be certain that 
the oxide crucible and alloy are in equilibrium, a second-
stage equilibration is performed after replacing the oxide 
growth and alloy with an alloy of equilibrium composition, 
i.e.,Pu/(Pu + U) = 0.1. 

The results of six phase-boundary measurements of 
(Uo.802^^0.i98)02-x ^rc shown in Fig. HM. The phase 
boundary of UO2 -x is also shown for comparison. The 20% 
plutonia-80% urania hypostoichiometric boundary contains 
less oxygen than UO2.X' being 0.17 to 0.20 O/M units 
lower in the temperature range of our study. 
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Fig. III-l. Hypostoichiometric Boundary of the Fluorite Phase in 
the U-Pu-O System at High Temperatures. 

This model, which assuines that Cs^O can be stabilized by 
the formation of a ternary compound with UO2+X, 
provides a feasible explanation for the observation that 
there is cesium in the center of the irradiated fuel where the 
temperature is much higher than the boiling point of either 
Csl or CsjO. There is also evidence (see ANL-7550, p. 51) 
that similar stabilization of CS2O can proceed through the 
formation of a compound such as CS2O-AI2O3. {AI2O3 has 
been observed as an impurity in irradiated fuels.) 

The work that has been carried out thus far has been 
helpful in constructing a model for the corrosion of the 
cladding by the fission products. However, it is evident that 
additional work is necessary to further the understanding of 
the Cs-U-0 system and, in particular, the thermodynamic 
properties of its ternary compounds. More experiments are 
being planned to determine the thermodynamic properties 
of the Cs-U-0 system. 

4. Transpiration Studies of the Uranium-Carbon System 

3. Equilibrium Studies of Uranium-Fission 
Product-Oxygen Systems 

The objective of this study is to obtain, for the chemical 
interactions among fast breeder reactor fuel, its fission 
products, and the cladding material, thermodynamic data 
which may be useful in designing a fuel system having a 
suitably long lifetime. 

Analyses of irradiated fuels suggest that iodine, which 
can penetrate the grain boundary of stainless steel (see 
Sect. IV.A of this report), is closely related to the corrosion 
of the cladding. In connection with this possible interaction 
of stainless steel and iodine, a preliminary examination was 
carried out by chemical-transport experiments and by 
thermodynamic calculations. Although it was found that 
iodine vapor will transport iron (by the Van Arkel process) 
from stainless steel against a temperature gradient, it 
seemed unlikely that free iodine would be available for such 
a transport in the presence of fission product cesium, which 
should form stable Csl. However, it was also found 
experimentally that free iodine was released (observed 
visually) from Csl and UOj-i-x at about 900°C when 
x>0.18 (the lowest value of x yet studied). The released 
iodine attacked stainless steel extensively, but did not 
transport iron efficiently. When transport did not occur, an 
unidentified white deposit was observed. 

A plausible explanation for these observations is as 
follows. A ternary Cs-U-0 compound may form which is 
stable enough to cause the release of iodine from Csl. 
Under the high oxygen potential over UO, , g, the iodine 
will attack stainless steel and form an Fe-O-I compound 
instead of Fel,, which is essential in the transport of iron 

The study of the vaporization behavior of the uranium-
carbon system (see ANL-7550, p. 40) is nearly complete. 
Measurements of the total pressure of uranium-bearing 
species and carbon activity are being made as functions of 
temperature and UCx composition, using the transpiration 
method with hydrogen-methane mixtures as carrier gases. 
Emphasis has been placed on measuring carbon activities in 
the uranium-carbon system. These measurements will 
ultimately be extended to the plutonium-carbon and 
U-Pu-C systems. The effects of oxygen as an impurity, as 
well as fission product carbides, on carbon activity in these 
systems will also be considered. 

The results of the latest measurements of carbon activity 
as functions of UCx composition at 2155, 2255, 2355, and 
2455°K are shown in Fig. II1-2. The plateaus of the 2155, 

Fig. IH-2. Activity of Carbon as a Function of Composition. 
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2255, and 2355'̂ K isotherms are consistent with the 
miscibility gap (UC + /3UC2) shown by the phase diagram 
proposed by Storms'' for the uranium-carbon system. 
Over the composition range investigated at 2455°K. the 
shape of the carbon activity curve is typical of bivariant 
behavior and is also consistent with the phase diagrams, 
which show a single-phase region above the miscibility gap. 
with a critical temperature of ^2100°C (~2373°K) at 
C/U= 1.3. 

Free energies and heats of formation were calculated 
from our carbon-activity measurements shown in Fig. 111-2, 
the adjusted uranium vapor pressure values of Storms,' ' 
and 126.3 kcal/mol as the heat of vaporization of 
uranium.'^ Heat of formation values (at 298°K) were 
estimated from the calculated free energy of formation 
values and the known free energy functions' ' ' ' •* for U(C). 
UC, .oo(s)- "UC2"(s), and graphite. The A[(Gj - H%^)IT] 
values for UCx compositions were interpolated on the 
assumption that a linear relationship exists for these values 
between UCi 00 ^'id UCi ,93. 

The average heats of formation of UCi 00 and UCj ^s 
are -22.610.5 and -23.7 1 1.0 kcal/mol, respectively. The 
value chosen by the Vienna Panel''* for UCi.oo 'S 
•21.71 1.0 kcal/mol; for U C , . , , . the value of -23 + 
2 kcal/mol was adopted. A more recent value of 
-23.21 1.0 kcal/mol was estimated for UC, 00 hy Storms 
and Huber;'^ they obtained values of -23.210.9 and 
-23.01 1.0 kcal/mol for the heats of formation of 
UCo.996 and UC, .032' respectively, from combustion 
measurements. 

B. STUDIES OF REACTOR SAFETY AND 
PHYSICAL PROPERTIES 

The primary objective of these studies is to provide data 
about physical properties at high temperatures for use in 
evaluating the safety of various prospective fast-brecder-
reactor materials. It is expected that these data obtained at 
temperatures above normal operating conditions can be 
suitably extrapolated to the very high temperatures in
volved in accident situations. In addition, physical-property 
data in support of other Divisional programs are being 
obtained. 

/. Enthalpies and Heat Capacities by Drop Calorimetry 

a. Resistance-heated Calorimetric System 

As a check on the accuracy of the resistance-heated 
drop-calorimetric system, enthalpy measurements were 
made of standard sapphire crystals obtained from the 
National Bureau of Standards. The resulting data over the 
temperature range from 472 lo 1334°K agree quite well 

with the results of other laboratories and can be repre
sented by the following equation: 

(Hx-H29s. is) = 27.6002 T+ 1.61393 X 10"^T^ 

+ 9.65836 X lO^T'' - i 1554.31 (cal/mol). 

(12) 

Enthalpies were determined for NaaBi, a material of 
interest in the program on energy conversion. For solid 
NajBi over the range from 488 to 1095°K, the data can be 
represented by the equation 

{Hx-H298.i5)= 1.86638 X lO^T - 0.238758T2 

+ i.04442 X 10''T"' +4.29343 

X 10"^T''^ - 73500.95 (cal/mol), (13) 

In the liquid range from 1135 to 1227°K, the data can be 
represented by the linear expression 

(Hj - H298., s) =41.643IT - 13942.38 (cal/mol). (14) 

The standard deviations for Eqs. 13 and 14 are 26 and 
38 cal/mol, respectively. Extrapolation of these equations 
to 1123^K, the melting temperature of NasBi. yielded an 
apparent heat of fusion of 7085 cal/mol (see Fig. IH-3). 

Enthalpies of UO2.00S (referred to 298.15°K) were 
determined over the range from 675 to 1450°K. The data 
are being analyzed. 
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b. Induction-heated Calorimetric System: Enthalpy and 
Heat Capacity of Uranium Dioxide 

Enthalpy data for liquid UO2 have been extended to 
3475°K; the data obtained to date in the liquid region are 
shown in Fig. 111-4 along with the data of Hein and 
Flagella." Our values for the liquid enthalpies are in good 
agreement with theirs in the region of overlap. A straight 
line fits the enthalpy data of the liquid within about 1%, 
from which a value of 33.6 cal/(mol)(°K) for the heat 
capacity is deduced. The heat of fusion obtained 
(~18 kcal/mol) is in good agreement with the literature" 
value of 18.2 kcal/mol. 

Currently, the apparatus is being modified for use with 

(U,Pu)02. 

2. Other Studies of Physical Properties 

a. Vapor Pressure Over UO2 at High Temperatures 

An important parameter for equation-of-state calcula
tions for reactor fuels is the vapor pressure of the fuel. A 
program has been initiated to measure vapor pressures at 
temperatures of interest in reactor safety calculations. The 
first material to be studied will be uranium dioxide. The 
transpiration technique will be used to make such measure
ments up to about 3250'̂ C. The transpiration equipment 
will be operated in an induction furnace; the carrier gas 
may be either high-purity argon or mixtures of hydrogen 
and water vapor. To date, vapor pressures have been 
measured for testing purposes at about 2350°C. Satis
factory agreement has been found with values already in 
the literature.'^•'^ Further tests are planned before 
proceeding to higher temperatures. 
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Fig. III-4. Enthalpy of UO2. 

b. Matrix Isolation Spectroscopy of UO2 

A program to carry out experimental determination of 
molecular parameters of uranium and plutonium oxides in 
order to calculate their thermodynamic functions in the 
gaseous state is under way. Such data are of value in 
estimating fuel pressures under reactor accident conditions. 
Apparatus to utilize the matrix isolation technique" in 
conjunction with high-resolution infrared spectroscopy is 
under test. Future plans include spectroscopic studies of 
visible and ultraviolet emission of these same vapor species. 

c. Theoretical Calculation of Measured Physical-
property Data to Higher Temperatures 

The thermodynamic data needed for the calculation of 
partial vapor pressures of the fission products and of the 
fuel at the very high temperatures which may be reached 
during a reactor accident cannot be directly obtained by 
exp)erimental means. Consequently, it is necessary either to 
find some basis for extrapolating existing experimental data 
obtained at low temperatures to higher temperatures or to 
perform statistical mechanical calculations of the thermo
dynamic properties based upon observed spectroscopic 
parameters. 

Efforts are being made initially to develop a basic 
computer program suitable for calculating vapor pressures 
of fuel and fission products at normal operating tem
peratures; this same program will later be applicable to very 
high temperatures when appropriate thermodynamic data 
are available. 

d. Speed of Sound in Molten Sodium and UO2 

A knowledge of the sound velocity and compressibility 
of liquid sodium and liquid UO2 are of considerable value 
in reactor hazards analyses for equation-of-state calcula
tions. An experimental program has been initiated to 
measure these quantities. First efforts will be directed 
toward measuring the speed of sound in sodium at higher 
temperatures than those for which data are presently 
available (700°C). We are currently evaluating materials of 
construction for the sodium work and designing cells to 
contain the material. Electronic equipment and the furnace 
are being tested. 

3. Segregation in Ceramic Fuels: Studies of Fuel Migration 

Migration and segregation of fissile and fertile materials 
within a fast-reactor fuel during its operational lifetime 
could have significant effects on the operational safety of 
the fuel. Redistribution of plutonium in (UJ*u)02 fuels 
might change the chemical and physical properties of the 
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affected regions enough to alter the neutronics of the 
system, affect fuel-cladding compatibility, and change the 
resultant distribution of fission products. Investigation of 
mixed-oxide tuels in a thermal gradient has been under way 
to evaluate the extent of migration of plutonium and 
fission products, and to elucidate the mechanisms involved 
in the migration processes. 

Results reported previously (see ANL-7550, p. 47) in
dicated that, for (UO.KPUQ.2)02.01 specimens 1/2 in. high 
by 1/2 in. in diameter heated in thermal gradients of the 
order of lOOO'̂ C/cm, enhancement of plutonium concentra
tion occurred in the hottest regions. The concentration 
increases observed were small ("^2 wt 7c Pu02 increase), and 
the annealing times required were 1020 hr for a sample 
with a temperature of 1970°C at the top surface, and 
123hr for a sample with a temperature of 2350°C al the 
top surface. 

Additional experiments were done with similar speci
mens whose initial O/M ratios were 1.97. Each pellet was 
heated in an inverted tungsten crucible which served as a 
barrier to evaporative losses during the anneaUng period; a 
similar procedure had been used with the hyperstoichio
metric specimens. The samples were annealed at the 
temperatures and limes indicated: 

P-10 (Ttop = 2330°C. Tbotlom = ' I 20°C, 262 hr). 

P-l 1 (Ttop = 2360°C. Tboltom = I 310"C. 1 25 hr). 

P-12 (Ttop = 2350°C. Tbottom = I l«0°C. 97 hr). 

Subsequent electron-microprobe analyses showed no signifi
cant changes in plutonium concentration ihroughoul the 
longitudinal sections of the specimens. 

Thus. in our experiments with mixed-oxide specimens, 
we have observed apparent changes in plutonium concentra
tion at the hotter end of hyperstoichiometric pellets 
annealed in a thermal gradient, but no such change for 
slightly hypostoichiometric samples. This implies thai the 
oxygen activity of the specimen could be involved in the 
mechanism for enhancement of plutonium concentration. 
ll also may imply that vaporization processes play a 
significant role in Ihe observed changes. More definitive 
experiments would require redesign of the apparatus lo 
achieve higher temperatures and larger thermal gradients. In 
view of the continuing studies of this problem al Karlsruhe. 
West Germany and the current assessment of this problem 
at a lower level of importance, it has been decided not to 
proceed with the design of the new apparatus. This 
program, therefore, will be terminated with Ihe writing of a 
topical report describing the studies completed It) date. 

Several preliminary experiments were performed in a 
similar fashion with mixed-carbide fuel pellets of approxi
mate composition (Uo.ssPuo., 5 )C. 0.43 in. in diameter 
and 0.42 in. long. In four experiments, the lop surface 
temperatures of the samples averaged about 2000°C, and 
the gradients were of the order of 7G0'̂ C/cm. To date, 
electron-microprobe analytical data are available on the 
two longer-term annealed specimens. These are pellet 
P-14 (Ttop'-2000°C. Tbottom ^137G°C, 437 hr) and 
pellet P-l 6 (Ttop^2000''C, Tbottom ""l 320''C. 460 hr). 
Pellet P-14 was annealed without a vaporization barrier, 
while pellet P-l6 used an inverted tungsten crucible as a 
barrier. The probe results indicated thai considerable loss of 
plutonium occurred in the upper (hottest) region of 
pellet P-14 (plutonium concentrations reduced to a few 
percent), whereas virtually no loss was observed for 
pellet P-l 6. This is not too surprising, since It is known that 
plutonium is the chief high-temperature vapor species over 
such mixed carbides. Ceramographic examination showed 
considerable densification and columnar grain growth in the 
top portion of pellet P-14, but little change was evident in 
pellet P-l6. 

C CALORIMETRY 

The calorimetric program is directed toward the ex
perimental, empirical, or theoretical determination of 
thermodynamic properties of substances that are of interest 
In hlgh-temperalure chemistry and nuclear technology. 
Measurements are being made of standard enthalpies of 
formation (AHf^gy) of Ihe substances. Complementary 
experimental determinations of high-temperature incre
ments (A^ j -AHjya) are reported in Sect. III.B.I. 
Complementary low-temperature thermal measurements (of 
Cp°. AH|'|.. and S°) are being performed in the Chemistry 
Division and elsewhere. 

The method of tluorlne bomb calorimetry. which was 
developed here especially for measurements with substances 
not amenable to more conventional calorimetric tech
niques, has now been used to determine the enthalpies of 
formation of more than thirty elemental Huorides and more 
than twenty other compounds. The more conventional 
method of oxygen bomb calorimetry has been used for 
studies with 12 compounds and solution calorimetry for 
measurements on six aqueous reactions. 

Attempts at the determination of ihermodynamic prop
erties by empirical correlations (e.g.. the correlation and 
estimation of enthalpies of formation for the rare earth 
trifluorldes; ANL-7450. p. 64) and by theoretical calcula
tions (e.g.. extended Huckel molecular-orbital calculations 
for the chalcogen hexatluorides; ANL-7450. p. 66) now 
include an ab initio calculation for NS based on the 
Hartrce-Fock-Roothaan approach. 
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;. Thermochemistry of Uranium Compounds: Enthalpy of 

Formation of Uranium Diboride 

As part of the continuing program to obtain thermo
dynamic data for uranium compounds, the enthalpy of 
formation of uranium diboride was determined by fluorine 
bomb calorimetry. Complementary high-temperature en
thalpy increment and low-temperature thermal measure
ments were also carried out by other groups in the 
Chemical Engineering and Chemistry Divisions of Argonne 
National Laboratory. 

The preparation, fluorine bomb calorimetric measure
ments, and low-temperature work with uranium diboride 
are described in a joint paper;^" the high-temperature 
enthalpy measurements are described separately.^' This 
research is a good example of cooperative effort among 
several groups to obtain consistent thermodynamic data for 
an important compound over a very wide temperature 
range; 1 to 1500°K. 

The results of the fluorine bomb calorimetric measure
ments yielded the standard energy and enthalpy of com
bustion of UB,.9-,9 in fluorine to give solid UF(, and 
gaseous BF,; the values are -3927.2 ± 4.0 cal g"' and 
-1021.2± 1.1 kcal mol"', respectively. The corresponding 
standard enthalpy of formation, AHff98(UBi 9-,9,c), is 
-39.0 ± 4.0 kcal mor ' , from which AHf^98(UB2 ,c) was 
deduced to be -39.3 ± 4.0 kcal moP'. 

2. Thermochemistry of Plutonium Compounds: Enthalpy 
of Formation of Plutonium Monocarbide 

As part of a continuing program to provide accurate 
thermochemical data for plutonium compounds, the 
standard enthalpy of formation of plutonium monocarbide 
was determined by oxygen bomb calorimetry. Plutonium 
monocarbide exists as a nonstoichiometric compound with 
a narrow range of composition near PuCo.8 7- Holley and 
Storms^ ^ have recently reviewed the thermodynamic 
properties of actinide carbides and from consideration of 
high-temperature equilibrium studies concluded that 
AHff98(PuCo.g7) =-10.2kcal mol"'. They recommended, 
however, that the enthalpies of formation of all plutonium 
carbides should be measured, preferably by combustion 
calorimetry. 

A sample of plutonium monocarbide was prepared" by 
arc melting high-purity plutonium and graphite. Metal
lographic analysis showed that the sample was single phase. 
Chemical and spark-source mass-spectrometric analyses 
indicated a total impurity content of 0.35 wt %, of which 
0.30 wt % was tungsten, presumably introduced by the 
arc-melting electrode. The carbon content of the sample 
was found to be 4.20 ± 0.01 wt %, which gave a plutonium 

content, taken by difference, of 95.45 wt %. The C/Pu 
atom ratio was calculated to be 0.878 ± 0.001 The sample 
was stored and handled in a dry-helium atmosphere to 
avoid oxidation. 

The combustion technique used was similar to that 
described previously for plutonium metal.^'' The product 
of combustion was PuOj with a small residue (10-20 mg 
out of an original ~3 g) of unreacted plutonium mono
carbide, which was determined by carbon analysis. 

The results of five acceptable combustion experi
ments were combined with the enthalpies of forma
tion of the product oxides^" '" [PuO, =-252.35 ± 
0.17 kcal mol"' and C02(g) =-94.05 1 kcal moP'] to yield 
AHf59s(PtiCo.»78 ± 0.001,c) = -11-53 ± 0.64 kcal moP' 
for the reaction 

Pu(a) + 0.878 C (graphite)^ PUCQ.878(c). 

This result is in reasonable agreement with previous 
high-temperature equilibria studies,^^ but is subject to 
much less uncertainty. 

3. Thermochemistry of Hydrogen Fluoride 

In spite of the importance of hydrogen fluoride as a key 
thermochemical compound, much of its thermochemistry is 
still uncertain. This is particularly serious when one of its 
values enters a thermochemical cycle several times, e.g., in 
the cycle involving the solution of UFj , the enthalpy of 
formation of aqueous HF (uncertain by approximately 
0.5 kcal mol"') enters six times. 

Much of our work with fluorine bomb calorimetry is 
related to the thermochemistry of HF in one state or 
another. The enthalpies of combustion of Si and Si02 in 
fluorine led to a paper on the enthalpy of formation of 
gaseous HF.^^ Similarly, the combustions of these same 
two compounds and of boron, boric oxide, carbon, iodine, 
magnesium, uranium, and other compounds can be used to 
calculate values for the enthalpy of formation of aqueous 
HF; the values obtained from boron, boric oxide, and 
carbon have, in fact, been published.^'"^' Most of the 
values for AHftHFlOHiO) indicate that the selected values 
tabulated by the National Bureau of Standards^' 
(-76.235 kcal moP') and by the Soviet Academy of 
Sciences-"' (-76.159 ± 0.3 kcal mol"') are approximately 
0.6 kcal moP' too positive. In an effort to clear up the 
discrepancy, the enthalpy of formation of liquid HF and its 
enthalpy of solution have been measured directly. 

a. Enthalpy of Formation of Liquid Hydrogen Fluroide 

The enthalpy of formation of liquid hydrogen fluoride 
was determined by measuring the energy evolved on 
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reaction of fluorine with hydrogen in a bomb calorimeter 
whose combustion chamber had been picsatiiratcd wllh 
gaseous HF (by addition of liquid HF). With this technique. 
the only product of combustion was liquid HF. Asa result 
of these measurements, the standard enthalpy of tormalion 
of liquid HF. AHf^^slHF.S) was calculated to be 
-71.98 ± 0.05 kcal moP'. (However, it should be noted that 
this value may be insufficiently negative, since recent 
experimental evidence has revealed a positive bias In the 
data.) 

Because the hypergolic gas-phase reaction between 
hydrogen and fluorine began at the valve between the two 
compartments of the bomb, the design of the valve was 
changed from that described earlier"*' to minimize attack 
on its seat. This modification, shown in Fig. 111-5, is 
detailed in a note titled. "An Improved Interconnecting 
Valve for a Two-Compartment Calorimetric Bomb.""'*^ 

the lllcrature in the range HF-2H20 to HF-200H2O; 
finally, the enthalpies of dilution from HF-555IH20 lo 
HF-«'H20 were calculated by consideration of the enthalpy 
of the ionization of HF (a complex picture involving two 
separate equilibria) and Dcbyc-Huckel dilution terms. 

The solution measurements were conducted in an 
LKB-8700 heat-of-solulion calorimeter equipped with a 
gold reaction vessel. The sample of anhydrous liquid HF 
used (conductivity of I X 10"̂  ohm"' cm' ') was obtained 
from Argonne's Chemistry Division. The HF was distilled 
into small ampoules constructed entirely of Kel-F plastic. 
The amptiules were made by hot-air welding a t/8-ln.-OD 
filling lube to a 3/8-in.-OD tube and then heat sealing 3-mil 
film windows over the open ends of the larger tube. When 
the ampoule was charged with HF, the filling tube was 
sealed with hot pliers. The reaction was initiated in the 
calorimeter by puticturing the film windows. 

b. Enthalpy of Solution of Liquid Hydrogen Fluoride 

The study of the enthalpy of solution of HF(i<I) in water 
was conducted in several parts: firstly, the enthalpy of 
solution of HF(C) was established by measurements at the 
concentration HF-200H2O; secondly, through additional 
solution experiments, the enthalpies of dilution of HF(aq) 
were obtained in the range HF-200H2O to HF-5551H20; 
thirdly, enthalpies of dilution of HF(aq) were selected from 

^ ig . IMS. Imprnvtd Inter t r jnnct l ing Valvt- tor Twu-Lompiirt m in t 
Ca lor imf l r i t Bomb. A. pulley; B, huh: C, douhle-ki id thrt i ids; 
U. stem; K. Hexibile jo in t ; t . gas passagt- through valve housing; 
G, transverse hole; H, O r ing; I, longitudinal hok-. 

The average of six measurements of the enthalpy of 
solution of liquid HF in 200 moles of H2O was 
-4506.1 ± 2.0 cal moT'. Some 35 additional measurements 
of the enthalpy of solution were performed In which the 
final product was varied from HF-200H2O to 
HF-5551H20. From these measurements, the enthalpies of 
dilution of aqueous HF, as given in Table 111-4, were 
obtained. 

The calculated enthalpy of dilution of HF-5551H20 to 
HF'^H20 was -2349 ± 64 cal moT'. The enthalpy of dilu
tion of HFIOH2O to HF-200H2O selected from the 
literature was -99 cal mol"'; this yields a value of the 
enthalpy ^f solution of HF(C) in 10 moles of H2O of 
-4407 cal mol"'. 

These results can be combined with the enthalpy of for
mation of HF(ii) reported above. -71.98 ± 0.05 kcal mol"', 
to yield AHi2.,H(HF'=<^H20) = -79.38 ± 0.08 kcal mol"', 
AHt"g«(HF-200H2O) = -76.49 ± 0.05 kcal mol"'. and 
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AHf1,s(HF10H2O) = -76.39±0.06kcalmol"'. Thus, our 
results would seem to substantiate the selected value of the 
National Bureau of Standards.^'' Our results, however, 
must be considered preliminary and subject to revision. 
Both the solution results and the AHf(HF,C) result are 
being carefully scrutinized for evidence of a systematic bias. 
As noted above, a positive bias in AHf*(HF,C) has been 
shown experimentally; however, the magnitude of the error 
has not been established. 

4. Chemical Bonding in NSF3. NSF. and NS 

a. The Enthalpies of Formation of NSF, and NSF. and 
the A ' ^ Bond Strengths 

The sulfur-nitrogen halides, for which there are few 
thermodynamic data, have been the subject of several 
physlcochemical investigations in recent years.^^ The 
multiplicity of nitrogen-sulfur bonds, up to and including 
formal triple bonds. Is of considerable Interest. The 
compounds NSF3 and NSF have formal triple bonds. The 
energy of combustion In fluorine of a sample of NSF 3. 
prepared by 0. Glemser and J. Wegener of the University of 
Gottlngen, Germany, was measured in a bomb calorimeter; 
a value of -85.2 ± 0.5 kcal moP' was determined for 
AHf̂ 9 8(NSF3,g). Combination of this result with reported 
mass-spectrometric appearance-potential data^'' yielded 
AHf^,8(NSF.g) = -f41 ± 2 kcal moP'. AHf5,s(SF4,gl = 
-162 kcal mol"'. and N^S bond-dissociation enthalpies of 
approximately 13 and 71 kcal moP' for NSF3 and NSF, 
respectively. The results for AHI*(SF4.gl Is substantially 
different from previously reported values^'"''' and in
dicates that it should be redetermined by a direct tech
nique, such as the fluorination of SF4 to SF^ 

b. Nitrogen Sulfide (NS): Dissociation Energy. Enthalpy 
of Formation. Ionization Potential, and 
Dipole Moment 

Although nitrogen sulfide, NS. an unstable radical, has 
been known for some time,-'* apparently no thermo
chemical properties have been determined, owing, un
doubtedly, to the transient nature of the molecule. 
Consequently, a study was initiated to deduce some 
thermochemical data for NS and also for NS*(the latter Ion 
was first observed spectroscoplcally by Dressier"). The 
study is detailed In a paper""" titled, "Dissociation Energies, 
Enthalpies of Formation, Ionization Potentials, and Dipole 
Moments of NS and NS*" which may be summarized as 
follows: 

A dissociation energy of 4.8 ± 0.25 eV at 0°K has been 
deduced for NS(^ir) from spectroscopic data in the lit
erature; the corresponding value for AHfS(NS) is 

2.91 ±0.26eV. Recent experimental results for AHf*(NSF) 
reported above indicate AHf^lNS*. ' S*) = 12.72 ± 0.10 eV. 
Thus, the ionization potential of NS is 9.81 ± 0.28 eV. A 
Hartree-Fock-Roothaan ab initio calculation for NS yielded 
an Ionization potential of 10.10 eV, based on Koopman's 
theorem, in good agreement with the experimental value, 
and a dipole moment of I.732D. Combining the value of 
AHfS(NS*) with enthalpies of formation of the assumed 
products, S*(g) and N(g), gives the previously unreported 
dissociation energy of NS* as 5.31 ±0.31 eV. It is not 
surprising that the dissociation energy for NS* is greater 
than that for NS. since the latter contains one more 
antlbonding electron. 

.5. Enthalpy of Formation of Molybdenum Disulfide 

Several years ago at this Laboratory, an oxygen bomb 
study was carried out with M0S2 (see ANL-6029, p. 65). 
However, the chemical processes in the bomb were very 
difficult to define; consequently, a reliable result for 
AHf^(MoS2) could not be obtained. There are also several 
conflicting values in the literature'*'""'^ for AHt^(MoS2), 
ranging from -91 to -48 kcal moP'. 

Because M0S2 burns completely in fluorine to yield only 
MoF^ and SF^, and since a calorlmetric-grade sample of 
M0S2 was available, a study of the heat of combustion was 
undertaken. Preliminary results indicate a value for 
AHf^(MoS2) of about -65 kcal mol"'. This result is subject 
to substantial change depending on analytical results not 
yet avallable. 

6. Thermochemistry of Aqueous Xenon Trioxide 

Xenon trioxide, Xe03, and its derivatives are perhaps 
the most unexpected of the noble gas compounds. Solid 
xenon trioxide Is explosively unstable and has an enthalpy 
of formation of 96 ± 2 kcal mol"'. Solutions of Xe03 In 
dilute aqueous acid, although they are potent oxidizers,"' 
show no evidence of spontaneous decomposition; because 
of this, they have received more experimental attention 
than has the dangerous solid. A reliable quantitative 
determination of the thermodynamic oxidizing power of 
these solutions Is therefore of considerable practical value. 

In a cooperative venture with E. H. Appelman of the 
Chemistry Division, who prepared the samples, solution 
calorimetric measurements of the enthalpies of the reac
tions of Xe03(aq) with Hl(aq) and of 12(c) with Hl(aq) 
liave been used to obtain a value of 99.94 ± 0.24 kcal moP' 
for AHf^,8 (Xe03-96.15H20). The electrode potentials of 
the Xe-XeOj couple in acidic solution and of the Xe-
HXe04" couple in basic solution were deduced to be 
2.10 ±0.01 and 1.24 ±0.01 V, respectively. 
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7. Enthalpies of Formation ofKBrO,(c) and KBrO^lc) and 
the Thermodynamic Properties of the Perbromate and 
Bromate Ions 

The recent discovery of preparative methods for per-
brontic acid and perbromates by E. H. Appelman of the 
Chemistry Division"'••" has ended a long search for these 
compounds. In a second cooperative effort with Appelman, 
the determination of the energies of decomposition of 
KBr04(c) and KBrOjfc) to KBr and 02(g), and of the 
enthalpies of solution of KBr04(c) and KBr03(c) in H2O, 
was carried out to help in the exploitation of these 
new compounds and in the explanation of the past 
ditTicultles encountered in their synthesis. The results 
of the study were used to derive AHf59s(KBr04,c) = 
-68.74 ±0.14kcal moP' and AHttgsd^BrOj.c) =-86.02 ± 
0.12 kcal mol"'. The enthalpies of solution at 25°C of 
KBr04(c) in 2144 moles of HjO and of KBr03(c) in 

1808 moles of H2O were measured to be 11606 ± 20 and 
9765 ± 42 cal mol"', respectively. These values were used 
to derive standard (298.15°K) thermodynamic properties 
for the perbromate ion: AHf° = 3.19 ± 0.15 kcal mol"', 
S° = 44.7 ± 2,0 cal deg"' moP', and AGt* = 29.18 ± 
0.63 kcal moP'; and for the bromate ion: AHf° = 
-15.95 + 0.13 kcal mol"', S° = 38.6 ± 0.3 cal deg"' moP', 
and AGf° = 4.55 ± 0.14 kcal mol"'. The standard elec
trode potential of the bromate-perbromate couple in acid 
solution was calculated to be 1.763 ± 0.014 V at 298.15°K. 

Selected values for the thermodynamic properties of the 
halates and perhalates of chlorine and Iodine are also 
tabulated."* Although the perbromate ion Is more oxidiz
ing than either perchlorate or periodate ion, the difference 
is not great enough to explain why the synthesis of 
perbromates has been so difficult. 
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IV. ANALYTICAL AND REACTOR CHEMISTRY 

A. CHEMISTRY OF IRRADIATED FAST-REACTOR 
FUELS AND MA TERIALS 

An understanding of the chemical and physical behavior 
of fast-reactor fuels during irradiation is necessary for the 
selection, fabrication, and utilization of fuel and reactor 
materials that will meet the high-performance criteria 
required in future commercial fast breeder reactors. The 
program has been concerned primarily with establishing the 
properties of irradiated uranium-plutonium oxides clad in 
stainless steel; however, the program has been extended 
recently to include the study of irradiated uranium-
plutonium carbide fuels. 

I. Electron-microprobe Analysis of Irradiated 
UOi-PuOi Fuel 

The electron microprobe, which accomplishes micro
sampling and analysis directly, is being used to provide 
information about fuel-cladding interactions, the distribu
tion of fission products, and the formation of inclusions in 
irradiated fuel. A detailed study has been made of a cross 
section of a vibratorily compacted UO2-2O wt % PUO2 fuel 
pin (SOV-3) clad in type 304 stainless steel and irradiated 
in EBR-II to a maximum burnup of 3.7 at. %. The 
centerline temperature of the fuel during irradiation was 
estimated to be 2790''C; the fuel surface temperature, 
1060''C; and the cladding temperature, 600''C. Results of a 
study of a similar pin, irradiated to 2.7 at. % burnup, were 
reported in ANL-7550, pp. 48-51. 

Examination of metallic inclusions in the fuel indicated 
that constituents of the cladding had been transported into 
the fuel matrix. Inclusions in the columnar-grain region (the 
innermost zone of the fuel, which reached the highest 
temperature during irradiation) contained molybdenum, 
ruthenium, rhodium, technetium, small quantities of iron, 
and traces of palladium. Near the boundary of the 
columnar and equiaxed grains (an intermediate temperature 
zone), the inclusions were either pure iron or iron and 
palladium with lesser amounts of the other noble metal 
fission products. In cooler regions, iron was alloyed with 
palladium or molybdenum. In contrast, chromium pene
trated into the fuel matrix only slightly and was found 
primarily as an oxidized species in the fuel-cladding 
interface. Nickel was found segregated in the cladding grain 
boundaries, but, in general, did not migrate into the fuel 
matrix. 

Electron-microprobe examination of the fuel-cladding 
interface indicated that an intergranular attack of the 
cladding had occurred and that the mechanism of attack 
was interaction of the cladding with fission products in the 

fuel, A typical area of intergranular attack is shown in the 
X-ray scanning images of Fig. IV-1. The average depth of 
cladding attack was -^90/jm. The feature of greatest 
interest in this fuel can be seen in Fig. IV-lg, which shows, 
for the first time, the presence of iodine in the area of 
intergranular attack, The other X-ray scans show the 
distribution of iron, nickel, chromium, cesium, barium, and 
tellurium. 

The presence of iodine in the areas of intergranular 
attack has led to the hypothesis that iodine is involved in 
the metal transport from the cladding to the fuel matrix. It 
is suggested that the transport mechanism is similar to that 
of the van Arkel-de Boer process, in which purification and 
vapor deposition of a metal is achieved by transport and 
decomposition of a metal iodide in a thermal gradient. In 
the fuel during irradiation, the transport mechanism would 
involve an iodine-cycling process in which fission product 
iodine migrates to the cladding-fuel interface and reacts 
with the cladding to form gaseous iodides which are then 
transported to higher-temperature regions of the fuel, 
where decomposition of the iodides occurs. The process 
appears to be initiated only if the cladding temperature is 
high enough to produce (1) appreciable attack on the 
stainless steel and (2) vaporization of the metallic iodides. 

The proposed mechanism for iron transport may be 
formulated as follows: 

(a) Ferrous iodide is the gaseous species which is 
transported,through the fuel. 

(b) The ferrous iodide is formed at the cladding surface 
by the reaction 

Fe(clad) +21(g)-Fel2(g). (1) 

(c) The atomic iodine for Reaction 1 is formed by the 
decomposition of cesium iodide. The production of iodine 
is enhanced by the removal of cesium through reactions of 
the general type 

xCs(g)-i-MOy(s)->-CsxMOy(s), (2) 

where M is U, Cr, or other elements that form acidic oxides. 

(d) The ferrous iodide decomposes in the higher-
temperature regions of the fuel by the reverse of Reaction 1 
or by the reaction 

Fel2(g) + X-Fe-X(alloy)-i-2I, (3) 

where X isPd.Mo, Ru,Tc,or their alloys. 
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a) SPECIMEN CURRENT b ) I R O N c) NICKEL 

d) CHROMIUM 

g) IODINE h) T E L L U R I U M 

Fig. IV-1. Eleclron-microprobe Scanning Images of Fuel-Cladding Interface of a UO2-2O wt % PUO2 
Fuel Pin (SOV-3) Clad with Type 304 Stainless Steel. (All images represent areas 45 um square . ) 
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Investigation of the thermodynamic considerations of 
the proposed transport mechanism and the possible effect 
of other elements is being undertaken in a separate program 
(see Sect, III.A). 

2. Electron-microprobe Analysis of Irradiated UC-PuC Fuel 

Preliminary electron-microprobe examinations have been 
carried out on two vibratorily compacted uranium-
plutonium carbide (UC-20 wt 7o PuC) fuel pins. One of the 
t'uel pins (SMV-1) was clad with type 316 stainless steel and 
had been irradiated in EBR-II to 2.6 at. % burnup; the 
second pin (SMV-2) was clad with type 304 stainless steel 
and had been irradiated in EBR-11 to 6.9 at. % burnup. The 
temperatures of the fuel-cladding interfaces for SMV-1 and 
SMV-2 during irradiation were 625 and 675°C. respectively. 
Both the UC and PuC fractions of the fuel material were 
hyperstoichiometric, the UC containing UC2 and the PuC 
containing PU2C3. The average particle size of the PuC was 
<44 ym and that of the UC was 500-1700 /im. As a resuh 
of this large difference in particle sizes and the method of 
fabrication (vibratory compaction), the fuel material at the 
fuel-cladding interfaces was primarily the more finely 
divided PuC. 

Both fuel pins showed a minor attack of the cladding at 
the fuel-cladding interface. The depth of reaction was about 
7/im for SMV-1 (2.6 at. % burnup) and about 15 jum for 
SMV-2 (6.9 at. % burnup); this extent of reaction is small 
compared with the fuel-cladding reaction observed for 
oxide fuels. The reaction in the carbide fuels resulted in the 
formation of separated bands of the stainless steel com
ponents and the migration of nickel into the fuel matrix. A 
composite X-ray image of the fuel-cladding interface of 
SMV-2 is shown in Fig. lV-2. The large particle seen in the 
fuel matrix (A to B) is uranium carbide; the remainder of 
the matrix shown is finely divided PuC. In the region 
BtoC, the light areas are nickel that has moved out into 
the fuel matrix. In the cladding reaction zone (C to D) is 
the separated band of stainless steel components. Within 
this band, the variations in brightness are caused by 
variations in the nickel and chromium contents; the black 
areas are voids. The area of the figure from D to E is 
unreacted cladding. The cladding-interface regions of both 
pins were free of both cesium and iodine fission products. 

Several mechanisms can be proposed to account for the 
observed migration of nickel. The first mechanism is a 
carbonyl transport process, similar to the Mond process for 
producing nickel metal. In the carbide fuel, the transport 
process would be the reaction of nickel in the cladding with 
carbon monoxide to form nickel carbonyl, followed by the 
vaporization and migration of the nickel carbonyl to hotter 
areas of the fuel, where it subsequently decomposes. There 
is probably sufficient oxygen in a fabricated fuel for carbon 

monoxide to be present during irradiation. The extent of 
nickel transport by this mechanism would be expected to 
be less than the extent of iron and chromium transport by 
iodine in stainless steel-clad oxide fuels, principally because 
nickel carbonyl has a lower stability than ferrous or 
chromous iodide. The second mechanism that could 
account for nickel migration is the reaction of the carbide 
fuel (containing a slight excess of carbon) with nickel in the 
cladding to form a mixed plutonium-nickel carbide. Further 
investigations are planned to establish the exact nature of 
the mechanism for nickel transport. 

Preliminary studies have also been conducted to deter
mine the distribution of fission products in the carbide fuel. 
Spectral profiles taken of the homogeneous uranium 
carbide particles revealed detectable quantities of zirconium 
and molybdenum. Typical particles (average size, ~700 jjm) 
located near the center and periphery of the fuel were 
examined for these elements. No concentration difference 
was observed for either element as a function of 
(1) location within a given particle or (2) location of the 
particle within the fuel pin. 

Spectral analysis of the porous plutonium carbide phase 
indicated the presence of neodymium. palladium, and 
cesium. The cesium was observed throughout the pluto
nium carbide in localized concentrations. This is in contrast 
to the behavior of cesium in oxide fuels, where cesium is 

Fig. [V-2. Kl(;i;tri>n-micr<)prube X-riiy [mage of Fuel-Cladding 
Interface of a UC-20 wl % PuC Fuel Pin (SMV-2) Clad with Type 
304 Stainless Steel. (Image represents an area 45 ^im square.) 
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found primarily in the coolei zones (i.e., near the cladding) 
of the fuel. Although these studies are only preliminary in 
character, they do indicate some striking differences in the 
behavior of fission products in carbide fuels as contrasted 
with oxide fuels. 

B. XENON TAGGING OF FUEL ELEMENTS IN EBR-II 

A cooperative program between the Chemical Engineer
ing Division and the EBR-II Project was carried out during 
1969 to develop and implement a method for identifying 
experimental fuel elements that fail in EBR-11. The method, 
which utilizes mixtures of xenon isotopes as fuel-element 
tags, is being applied primarily to the identification of 
unencapsulated gas-bonded fuel elements, most of which 
will contain UO2-PUO2. 

Fuel-cladding failures in EBR-II are adequately detected 
by three instruments. Although detection is thorough, 
identification of the subassembly in which failure occurred 
has been difficult and time-consuming. In the xenon-tagging 
system, each fuel element in a subassembly is tagged with 
1 ml of a mixture of xenon isotopes that is unique for a 
particular subassembly. If a cladding failure is indicated, a 
sample of the reactor cover gas will be analyzed mass 
spectrometrically to determine the ratios of xenon isotopes 
present. Positive identification of the released xenon 
mixture will permit identification of the affected sub
assembly and its location in the reactor. This method of 
rapid identification of failed fuel should significantly 
increase the EBR-ll plant factor. 

1. Preparation of Xenon-tag Mixtures 

Because xenon isotopes with mass numbers 131 through 
136 are abundantly produced by fission, xenon-tag mix
tures for failed-fuel identification must contain significant 
concentrations of isotopes of lower mass numbers. 
Table IV-1 shows the isotopic composition of natural 
xenon and four mixtures enriched in the light isotopes that 
are available from Mound Laboratory.' 

TABLE IV-1. Isotopic Composition of Natural Xenon and Four 
Light-isotope-enriched Mixtures from Mound Laboratory 

Mass Numher of 
Xenon Isotope 

124 
126 
128 
129 
130 

No. 1 

12.10 
4.80 

16.70 
58.78 

2.25 
3.13 
1.70 
0.29 
0.25 

Total Xenon^ { 

Mound Mixture 
No. 2 

S.58 
1.92 

10.32 
63.02 
4.30 
9.43 
5.03 
0.34 
0.026 

No. 3 

1.257 
0.834 
8.02 

63.50 
5.25 

13.11 
7.46 
0.496 
0.080 

nol %) 

No. 4 

21.3 
10.2 
23.9 
43.4 

0.7 
0.4 
0.1 

<0.1 
<0.1 

Natural 
Xenon 

8.87 

Eighteen tag mixtures have been prepared by blending 
Mound Mixtures I, 2, or 3 with natural xenon in varying 
proportions. The isotopic ranges of the resultant tag 
mixtures are shown in Fig. lV-3 as subseries Al , A2, and 
A3, respectively. 

Eighteen tag mixtures will not be adequate for EBR-II 
tagging requirements and, therefore, consideration has been 
given to preparing additional tag mixtures. Tag mixtures 
can be prepared by blending a mixture of high enrichment 
from Mound Laboratory with one of low enrichment. The 
isotopic ranges of two subseries of such blendings are 
shown as A4 and A5 in Fig. lV-3; the indicated isotopic 
ranges would provide twenty-three additional tag mixtures. 
Additional tag mixtures also can be prepared by blending 
Mound Laboratory enriched mixtures with pure '^^Xe, 
prepared by neutron irradiation of natural iodine. 

2. Implementation of Xenon-tagging System 

Three methods have been developed for charging fuel 
elements with xenon tags; all have been used successfully. 
In the first, tag gas is removed from the transfer container 
at negative pressure by means of a glass-enclosed mercury 
piston and supplied to a chamber equipped with a rubber 
septum at a slightly positive pressure. A hypodermic needle 
and syringe is used to withdraw tag gas through the septum 
and discharge it in l-ml aliquots into the fuel elements 
comprising a subassembly. The second method utilizes the 
septum and syringe portion of the first system, but the gas 
is transferred by cryogenic means. This modified method of 
transfer eliminates the possibility of mercury contam
ination, and the all-metal construction of the system 
eliminates fragile components. The third method^ consists 
of pressurizing the tag-supply container with helium in the 
desired helium-to-xenon proportions and backfilling 

-
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Fig. IV-3. Isotopic Relationships of Series A Xenon Tags. 
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evacuated fuel elements with the pressurized mixture. In 
each method, the tagged fuel element is immediately 
capped and seal-welded. 

The effect of a xenon tag upon the thermal conductance 
of the fuel-to-cladding gap during early irradiations has 
been investigated in one experiment by Pacific Northwest 
Laboratory^ (PNL) and will shortly be investigated further 
in an ANL experiment** by EBR-II Project personnel. In the 
PNL experiment, four fuel elements of abbreviated length, 
containing helium-xenon mixtures ranging from 0 to \007o 
xenon, were irradiated for 4 hr in the "rabbit" facility of a 
thermal reactor under conditions that guaranteed central 
melting of the fuel. Post-irradiation metallographic exami
nation revealed that concentrations of xenon representative 
of xenon tags would not have a significant effect upon the 
gap conductance, [n the ANL experiment, tagged and 
untagged fuel elements with central thermocouples will be 
arranged in a single subassembly so that they will experi
ence the same neutron flux when installed in EBR-11. In 
this experiment, the effect of a xenon tag on the gap 
conductance can be continuously determined by means of 
the thermocouples for a wide range of power densities. 

Identification of a released tag mixture will be accom
plished by mass-spectrometric analysis of a sample of the 
EBR-11 cover gas. A cover-gas sampling system, utilizing 
activated carbon cooled to -IS'^C as a preferential xenon 
sorbent. has been developed at EBR-11. A mass spectrom
eter has been procured which incorporates a versatile dual 
collector system and three sample-inlet modes to permit 
rapid identification of released tag mixture for a variety of 
sample conditions. 

The developmental studies on the xenon-tagging pro
gram in the Chemical Engineering Division have been 
completed, and the program is now under the direction of 
the EBR-ll Project. 

C. DETERMINA TION OF BURNUP IN 
FAST-REACTOR FUELS 

The program for the development of methods for 
measuring burnup in fast-reactor fuels has two main 
objectives: ( l ) t o develop accurate analytical methods for 
determining the concentration of fission products that can 
be used as burnup monitors and (2) to establish accurate 
values for their fast-fission yields. 

I. X-ray-spectrometric Determination of 
Fission Product Rare Earths 

A method is currently under development for measuring 
burnup in fast-reactor fuels by X-ray-spectrometric assay of 

the four principal rare earths: lanthanum, cerium, praseo
dymium, and neodymium. The ten isotopes of these 
elements have a combined fission yield of about 40% and 
represent 90% of the fission product rare earths. The use of 
these rare earths for monitoring burnup, rather than an 
individual rare earth nuclide, increases the reliability of the 
burnup analysis: the combined fission yield is less subject 
to variations with fissioning nuclide, neutron energy, and 
integrated neutron flux. 

The main steps in the procedure are as follows: 
(1) addition of terbium (a rare earth not produced In 
significant yield in fission) as an internal standard; 
(2) separation of the rare earths from uranium, plutonium, 
and the more active fission products by ion exchange in 
hydrochloric acid; (3) electroplating of the rare earths on 
aluminum; (4) X-ray-spectrometric assay for the fission 
product rare earths and the terbium standard; and 
(5) determination of the amount of each rare earth by 
means of the ratios of rare earth-to-Ierbium line intensities 

The internal-standard technique has proved to be an 
effective means of achieving the requisite precision. In a 
test of the precision of the entire method, four samples 
consisting of 35 fig of terbium and 100 jug of a simulated 
mixture of fission product rare earths were carried through 
the separation procedure, electroplated, and assayed. The 
ratios of rare earth-to-terbium line intensities were com
pared with standards of the same composition that were 
electroplated directly. The test showed that the line-
intensity ratios of the samples could be measured with 
adequate precision: La/Tb, 1.7%; Ce/Tb, 2.6%; Pr/Tb, 
l.6%;Nd/'i;b.0.5%. 

The accuracy of the method in converting line-intensity 
ratios to amounts of each rare earth in a fuel sample is 
dependent on making suitable corrections for any inter-
elemental effects in the X-ray-spectrometric assay. These 
include the effects of one rare earth on another, and of 
barium and cesium (fission products that are not separated 
from the rare earths in the procedure) upon the individual 
rare earths. Possible interferences were assessed by measure
ments of the individual elements at appropriate wave
lengths, and a computer program based on the intensity 
relationships was devised to make the necessary corrections. 

The entire procedure was tested on a solution of 
irradiated UO; fuel of ^ 6 at.% burnup to determine 
whether any major problems, not previously considered, 
would be encountered in the analysis of actual fuel samples. 
The sample had previously been analyzed for total rare 
earths by EDTA titration. The concentrations of the four 
rare earths, as determined by X-ray-spectrometric analysis, 
were compared with the concentrations calculated (on the 
basis of fission yields of the individual rare earths) from the 
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results of the total rare earth (TRE) titration analysis. This 
comparison is given below: 

Concentration (/imol/ml) 

Rare Earth 

La 
Ce 
Pr 
Nd 

Determined by 
X-ray Analysis 

0.0842 
0.1752 
0.0762 
0.2706 

Calculated from 
TRE Analysis 

0.0857 
0.1622 
0.0805 
0.2722 

Total 0.6062 0.6006 

The agreement of these results indicates that the analysis 
of irradiated fuels presents no unforeseen problems and 
lends confidence to the potential application of the method 
to burnup analysis. 

2. A New Method for the Determination of 
Fast-fission Yields 

The fission yield of a burnup monitor is established by 
irradiating a sample of the fissile nuclide and measuring 
(1) the concentration of the fission product of interest and 
(2) the number of fissions that produced the fission 
product nuclide. Of these, the number of fissions is, by far, 
the more difficult to measure. The most common approach 
has been to irradiate a fissile nuclide until 20 to 30% of the 
atoms are fissioned and determine the number of fissions 
by measuring the change in actinide-atom content of the 
sample. The analyses are relatively easy to carry out, but 
irradiations of 4- to 5-yr duration are required in a fast 
reactor. Another approach has been to irradiate the fissile 
material until 1 to 2% of the atoms are fissioned, analyze 
the irradiated sample for all the fission product nuclides in 
one of the mass peaks, and determine the number of 
fissions from the sum. (The sum of the fission yields of the 
individual nuclides in one mass peak is 100%.) 

A new technique for determining the number of fissions 
is under development. This technique, by comparison, will 
be relatively easy to execute and will, therefore, provide a 
means for determining fission yields more readily in a 

variety of fast-neutron energy spectra. Two irradiations are 
required: one of about 2-hr duration at a low level of 
reactor power and one of about 3-month duration at full 
reactor power. 

Included in the short irradiation are fission-track 
counters (mica discs alternately stacked with platinum discs 
on which are mounted nanogram amounts of the fissile 
material) and fission foils (milligram amounts of the fissile 
material). These samples provide data for establishing a 
factor relating the number of fissions that occurred to the 
count rate of a particular fission product, e.g., 
'""Ce (ti/2 = 285 days). The fission tracks on the mica 
discs are counted under a microscope; the ' ""Ce activity of 
the fission foils is determined by gamma spectrometry. 
Included in the long irradiation are gram amounts of the 
fissile material, which are subsequently analyzed for the 
fission product whose yield is being determined and for 
'""Ce activity. The number of fissions that occurred is 
established from the '""Ce activity and the previously 
determined fissions-to-' ""Ce factor. 

An evaluation of this approach was made in support of a 
Reactor Physics Division experiment which had as its 
objective the determination of the capture-to-fission ratio 
of ^^^Pu in a soft neutron spectrum. Five fission-track 
detectors and four 15-mg plutonium samples were included 
in the short irradiation (80 min), and four 15-mg samples of 
plutonium in the long irradiation (5 days). Because the 
irradiation times in this experiment were considerably 
shorter than those proposed for fission-yield determina
tions, the activity of ' " °Ba( t | ,2 = 12.8 days) was used to 
establish the necessary relationships between the two 
irradiations. 

In this experiment, the number of fissions that occurred 
in the long irradiation was determined with an estimated 
accuracy of ±1.8%. With refinements in technique it is 
expected that an accuracy comparable to that obtainable 
by the other methods, namely, ±1%., can be obtained with 
the new method . 

REFERENCES AND FOOTNOTES 

1. Mound Laboratory, Miamisburg, Ohio; operated by the 
Monsanto Research Corp. for the USAEC. 

2. This work was a joint effort of personnel of the EBR-II 
Project and Pacific Northwest Laboratory. 

3. G.R. Horn (PNL), The Effects of Xenon on Fuel-to-

Cladding Gap Conductivity, Trans. Amer. Nucl. Soc. 
72(2), 607(1969). 

.4. D. E. Walker, P. I. Halfman, and J. H. Sanecki, "Xenon 
Tagging of Instrumented Fuel Capsules for Use in 
EBR-ll," Proc. Nat. Symp. Developments in Irradiation 
Testing Technology, Sandusky, Ohio. Sept. 9-II, 1969, 
USAEC-NASA (in press). 

40 



V. CHEMISTRY OF LIQUID METALS AND MOLTEN SALTS 

Experimental and theoretical research studies on molten 
metals and salts, which have been in progress for several 
years, have been directed toward (1) understanding the 
behavior of liquid sodium as a coolant in nuclear reactors, 
(2) conducting basic research related to the development of 
electrochemical cells with liquid sodium and liquid lithium 
anodes, and (3) determining the thermodynamic and struc
tural properties of fused salts. 

The experimental program has centered around the 
determination of the thermodynamic properties and phase 
relationships for lithium- and sodium-containing binary 
systems and for fused alkali-halide systems by thermal-
analysis, emf, solubility, and vapor-liquid equilibrium 
methods. In addition, measurements have been made of 
some structural and transport properties of fused alkali-
halide mixtures. The electrochemistry of lithium/chalcogen 
cells has been investigated in some detail. 

The theoretical program has been devoted to 
(1) developing a model for predicting gas solubilities in 
liquid metals, (2) developing an empirical equation which 
relates the surface tension of a liquid metal at absolute zero 
to its critical properties, and (3) applying and extending 
models for predicting phase diagrams of binary and 
multicomponent metal and salt systems. 

Several goal-oriented secondary-battery programs are in 
progress. Specifically, they are the development of (1) an 
implantable lithium/selenium battery for powering artificial 
organs (National Heart Institute); (2) high-specific-power 
lithium/selenium batteries for mihtary vehicle applications 
(U.S. Army, Ft. Belvoir. Va.); and (3) high-specific-power, 
high-specific-energy lithium/sulfur batteries for use in 
family automobiles (National Air Pollution Control 
Administration). 

A. STUDIES OF LIQUID METALS 

Research is being directed toward broadening and 
systematizing knowledge of the liquid metallic state. 
Experimental and theoretical programs are being under
taken which include the determination of thermodynamic 
properties and phase diagrams for binary metallic systems, 
gas solubilities, and surface tensions, and the measurement 
of transport properties, such as electronic conductivity, of 
sulfur-, selenium-, and tellurium-containing liquids. 

I, Thermodynamics 

a. The Sodium-Bismuth System 

The sodium-bismuth system is of interest not only 
because of its potential application in energy-conversion 

devices, but also because of its importance to sodium-
cooled nuclear reactors. Moreover, it provides unique 
characteristics for testing solution theory in liquid metal 
solutions. The thermodynamic behavior of liquid sodium-
bismuth alloys has been represented by two models. In the 
first model (see ANL-7550, p. 89), a preliminary attempt 
was made to apply the quasi-ideal solution theory to the 
calculation of a solid-liquid equilibrium curve. The model 
incorporated the following assumptions: ( l)The species 
present are Na, Bi, NaBi. and NasBi; (2) the heat of fusion 
of Na3 Bi is 11,100 cal/mol. The second model included the 
dimer Na2 and tetramer Naa in addition to the species 
already stipulated. The calculated solid-liquid equilibrium 
curves for both models are shown in Fig. V-1. The curve for 
the second (tetramer) model agrees well with the experi
mental data. However, when the calculations incorporated a 

O THERMAL ANALYSIS 
A VAPOR LIQUID 

V D SOLUBILITY 
THEORETICAL {TETRAMER) 
THEORETICAL (MONOMER) 

ATOM PERCENT BISMUTH 

Fig. V-1. Solid-Liquid Phase Diagram for 
the Sodium-Bismuth System. 
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recently determined value for the heat of fusion of NasBi, 
namely, 7085 cal/mol (see Sect. III.B.I of this report), the 
agreement between the experimental data and the quasi-
ideal solution model was not as good as that shown in the 
figure, particularly for the NasBi peak. The calculated 
diagram showed a narrow compositional range for the 
liquidus-solidus peak. Additional work is needed to resolve 
this difference between model and real systems. 

b. The Lithium-Selenium System 

(O-DISCM4R0E 
CO«ST«MT TCMPCtWTUM D*T* fi-*WER«l)£ CM*ROE-OISCH*ME 

t V - CHAR0E 

DATA FROM PRECEDINO FIOURE • • -CONSTANT COMPOSITION 

TREND APPARENT WHEN PLOTTED 
ON A SEMI-LOG SCALE 

v.,. 
The determination of the thermodynamic behavior of 

lithium-selenium alloys is important to an understanding of 
the interactions of elements of widely differing electro
negativities, and thermodynamic data are necessary for 
predicting the ideal performance of cells in which such 
alloys serve as the cathode material. The lithium-selenium 
system has been investigated by a variety of methods. Emf 
measurements of cells of the type Li/LiX/(Li in Se) have 
yielded values for the activity coefficient of lithium in 
lithium-selenium alloys. Phase-equilibrium studies have 
been conducted using thermal, chemical, and microscopic 
analysis techniques. 

The emf measurements were carried out by two dif
ferent approaches. In the first, cathode alloys were pre
pared by mixing Li2Se with selenium to obtain the desired 
cathode composition. The emf of the cell Li(C)/LiF-LiCI-
LiI(C)/(Li in Se) was then measured as a function of cell 
temperature. The results, which are shown in Fig. V-2 (solid 
symbols), indicate a single-phase liquid region extending 
from 0 to perhaps 10 at.% lithium in selenium, a liquid-
liquid immiscibility region from below 15 to about 32 at. % 

4 0 0 4 5 0 

TEMPERATURE, "C 

F u n d ! % T " '-'«)/l-ir-LiCI-Lil(S)/(Li in Se) as , 
Function of Temperature (solid symbols indicate Li-Se alloys 
T e c n n / , ' ^ ' 7 1 " " ^ - ' ^ ' ' ^'2S' in selenium; others obtained by 
the controlled deposition of lithium in selenium). 

Fig. V-3. Emf of the Cell Li(e)/LiF.LiCI-LiI(6)/(Li in Se) as a 
Function of Cathode Composition (temperature - 390"C). 

lithium, and a liquid-solid region above 40 at. % lithium for 
the temperature range 360 to 475°C. In the second 
approach, the cell was operated at a fixed temperature and 
the composition was changed by controlled discharge of the 
cell. The results of this approach at 390°C are shown in 
Fig. V-3 (open symbols); the figure also includes data (solid 
symbols) from the first approach for comparison, (Con
versely, open symbols in Fig. V-2 are data from the second 
approach.) The data-obtained by the two methods are in 
good agreement. 

The activity coefficient of hthium in selenium at 
0.5 at.% lithium is 3.03 X lO"" at 390°C. The emf plateau 
in Fig. V-3 that extends from 36 at.% lithium to higher 
concentrations corresponds to the precipitation of solid 
LijSe from the cathode alloy; this emf corresponds to a 
free energy of formation of solid LiaSe from lithium and 
selenium in 36 at. % Li-Se at 390°C of-94.3 kcal/mol. 

The results of the phase-equilibrium studies and the 
method of analysis (thermal, chemical, or microscopic) by 
which the data were obtained are given in Fig. V-4. These 
preliminary data have been interpreted in terms of a simple 
monotectic system. It should also be noted that room-
temperature X-ray analysis of a number of samples of 
various compositions and thermal histories have given no 
evidence of intermediate phases other than LijSe. 

The reasons for the discrepancies between the phase 
boundaries indicated by the emf studies and those indicated 
by the other experiments are not clear. The disagreement is 
most pronounced at the selenium-rich boundary of the 
miscibility gap (~I0-15 at. % Li from emf studies vs. 
~2 at.% Li from phase-equilibrium studies). Supersatura-
tion in the emf cells is one possible explanation. 

• c. Solubilities of LiiS, Li^Se. and Selenium in 
Fused Lithium Halides 

The solubihties of Li2S, LijSe. and selenium in molten 
lithium halides have been measured at various temperatures. 
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Fig. V-4. Partial Phase Diagram for 
the Lithium-Selenium System. 

The metal or intermetallic compound was equilibrated at 
each temperature with the selected lithium halide, and 
filtered samples were taken. (The experimental apparatus 
provided a uniform temperature zone throughout the 
molten salt.) The solubilities of LijS. Li2Se, and selenium, 
determined from chemical analysis of the samples, are given 
in Fig. V-5. Also included in the figure, for comparison,are 
(1) previously determined solubilities (see ANL-7316, 
p. 119) for LiiTe and two lithium-bismuth compounds and 
(2) the solubility of lithium from the data of Dworkin, 
Bronstein,and Bredig.' 

The solubility of selenium in molten LiF-LiCI was 
unexpectedly low compared with the solubility of selenium 
in LiF-LiCl-Lil. Solubility measurements^ for NasBI in Nal 
and in NaCl-Nal indicate that the solubility of NaaBi at a 
given temperature increases with increasing concentration 
of Nal. Thus, it appears that the presence of iodide 
increases the solubility of some metals and intermetallic 
compounds in alkali halide melts. 

d. Theoretical Study of Gas Solubility in Liquid Metals 

breeder reactors, the fundamental behavior of sodium as a 
solvent must be studied in detail. In turn, to unravel the 
interrelated factors involved in sodium's role as a solvent, it 
is desirable to begin with a study of the most simple 
solutes, namely, the noble gases. By so doing, the contribu
tions to the work required for the insertion of a single atom 
of a neutral solute species into a liquid metal can be 
conceptualized and can be separated from the additional 
contributions to the work of solution that arise with more 
complex solutes. As a start, a simple mode! describing the 
thermodynamics of solution of noble gases in liquid sodium 
will be presented and compared with experimental results. 

In this model, the excess free energy of formation of a 
dilute solution is set equal to the difference of two terms: 
the electronic work done on the solvent in creating within 
it a cavity (or bubble) of appropriate size to accommodate 
the solute atom, less the attractive work done by the solute 
atom when on insertion into this cavity it polarizes the 
surrounding solvent atoms. The electronic work, being by 
far the larger term, will be given primary attention; for its 
calculation the work of Fumi'' (on the formation energy of 
vacancies in solid metals) provides an excellent basis. 
Consider a monovalent metal to be a spatially uniform, 
immobile distribution of positive charge corresponding to 
N positive ions, neutralized by N free, mobile valence 
electrons, all contained in a spherical volume V.'* (This is 
the well-known "jellium" model.) Now, remove from the 
center a small spherical volume, 6V, of positive charge and 
distribute it uniformly over the surface of the sphere, 
leaving a cavity. Two effects occur. First, the excess 
negative charge in the cavity ( = 5 V/n, where fi, the atomic 
volume, is,V/N) repels, by a screened Coulombic potential, 
all the electrons in the conduction band and increases their 
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To begin to understand the complex corrosion phenom
ena associated with the use of sodium as a coolant in fast 

Fig. V-S. Solubilities of Lithium, Selenium, and Several Inter
metallic Compounds of Lithium in Alkali Halide Mixtures. 
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potential energy. The amount of work done is equal to 
two-thirds the maximum kinetic or Fermi energy, Ef, per 
electron times the excess negative charge in the cavity:' 

are matched very well by the calculated values of a(K) for 
fluids of hard spheres of appropriate diameters and number 
densities. Insertion of Eq. 4 into Eq. 3 gives 

Wrep = (2/3)Ef^. (1) Wcav = ( 4 / 1 5 ) E f ( l + - ^ - 7 , ) (5) 

Secondly, the expansion of the sphere reduces the average 
kinetic energy per electron of the valence electrons. For 
free electrons Ekin = (3/5)Ef, and since Ef varies as V"^", 
«Ef/Ef = -(2/3X5V/V). Hence, 

Wkin = AEkin = (3/5)N6Ef 

5V 
= (3/5)N[-(2/3)-;^Ef] 

5V 
= -(2/5)Ef-n- (2) 

If the Gibbs free energy of solution is considered to be 
very well approximated by the Helmholtz free energy of 
solution, then the excess molar Gibbs free energy of 
solution of the dissolved noble gas relative to its molar 
Gibbs free energy as an ideal gas at the same temperature is 
given by 

AG"* = -NkBT InX = NWcav - NWattr, (6) 

where kg is Boltzmann's constant, T the absolute tempera
ture, X the Ostwald solubility coefficient,^ and Wattr the 
work of attraction by the solvent per atom of solute. 

So in total, 

Wcav = (2/3)Ef^ - (2/5)Ef ^ = (4/15)Efi^. (3) 

The Fumi model for the work of formation of a cavity 
in a monovalent metal has been shown' to be valid for solid 
metals by comparing W âv to known energies for vacancy 
formation. The result appears to be good to within 10% 
provided allowance is made for the fact that in solid metals 
the lattice can relax in the neighborhood of the vacancy. 
Since the Fumi model is a reasonable description of the 
energetics of vacancy formation and does not depend on 
lattice structure, it may be directly applied to the problem 
of creating a cavity in a liquid metal to accommodate a 
solute molecule. In fact, to obtain a value for Wcav, one 
only needs a model describing the fractional volume 
change, SVjn, upon introducing a solute molecule. For the 
present model, it is proposed that 

5v /n = 1 -t 
en 

(4) 

where T), the packing fraction of the solvent, is equivalent 
to (•n/6)(a^/n), a being the effective hard-sphere diameter 
of the solvent atoms, and a the corresponding hard-sphere 
diameter of the solute atoms. The rationale of Eq. 4 is that 
the increase in volume on moving one solvent atom out to 
the surface is not just an atomic volume, but the atomic 
volume plus the increment due to the difference in 
hard-sphere volumes between the solute and solvent atoms. 
The validity of hard-sphere theory in this connection is 
supported by the correct prediction of the location and 
height of the first peaks in the experimental liquid structure 
factors a(K) for both metals' and noble gases. These peaks 

To evaluate Eq. 6, values for rj and o must be derived 
from appropriate experimental data. Values of r/ at various 
temperatures were conveniently obtained from the well-
known thermodynamic limit (K->0) for the liquid structure 
factor and the limiting expression for a(K) of a fluid of 
hard spheres,''^ i.e., 

a(0) = pkBTxT = (l •V)V0 + 2r))' (7) 

where xj 's the isothermal compressibility of the solvent 
and p its number density. The length parameter in the 
Lennard-Jones 6-12 potential, which has been used to fit 
second virial coefficient data for the noble gases,' "̂  was 
chosen as the value for o. This particular choice is justified 
because the location and height of the first peak in a(K) for 
a fluid of hard spheres of this constant diameter matches 
that for liquid krypton at several intervals in the tempera
ture range IH-ISS^K." 

Calculated values of NW^av for helium, argon, or 
krypton dissolved in sodium are compared with experi
mental data for AG'̂ ^ in Table V-1. The errors assigned to 
the experimental data for heUum and argon are our 
estimates; however, because of the possibility of systematic 

TABLE V-1. Molar Excess Gibbs Free Energies of Solution of 
Noble Gases Dissolved in Liquid Sodium at 400"C 

AG^^Cexptl)^ NWcav(calcd)3 

Kr 

12.5 ±0.1'^ 
17.1 ±0.3C 
19.id 

14.6 
19.2 
20.7 

^In kcal/mol. 
^E. Veleckis, ANL. private communication. 
CE. Veleckis, R. Blomquist, R. Yonco, and M. Perin, 
ANL-7325, p. 128. 

dS. K. Dhar, ANL-6900, p. 125. 
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error in the krypton data, error limits were not assigned. 
The agreement between the experimental and calculated 
values is quite good with respect to sign, sequence, and 
magnitude. The results of similar calculations made for 300 
and 500°C (not shown) indicate that the temperature 
dependence of AG"^ given by the NWĵ av i^rm is, at least, 
qualitatively in agreement with experiment. The overall 
agreement is particularly gratifying since previous theoret
ical models that ignored the specifically metallic nature of 
the solvent, e.g., the Hildebrand solubility parameter, failed 
to give even order-of-magnitude agreement for XQ- Further
more, the nature of the agreement encourages us to 
calculate Ostwald coefficients for xenon prior to actual 
measurement because of xenon's importance in nuclear 
reactor technology. The coefficients at 300, 400, and 
SOÔ C are 8.1 X 10"'°, 2.5 X 10"\ and 3.3 X 10"^ respec
tively, when the values calculated for NW^av sr^ decreased 
by 2 kcal/mol. This correction was made to compensate for 
the apparent systematic overestimate of AG^^ by this 
amount. 

where 7o is surface tension extrapolated to absolute zero, 
Vc is the critical molar volume, Tc is the critical tem
perature, and K is a universal constant equal to 
4.3erg/rK)(moP'^). 

Surface tension and critical-property data have since 
become available for mercury and the alkali metals. ' ' ' ' '^ 
These are shown in Table V-2 together with the values for 
7oVc^'-*/Tc calculated according to Eq. 8. Clearly 
ToVc^'^/Tc is not a constant for these liquid metals, but 
has a value consistently smaller than that for the simple 
liquids. Thus, Eq. 8 is not valid for liquid metals, i.e., the 
surface tension of liquid metals does not follow the 
principle of corresponding states. 

Because Eq. 8 cannot be applied to liquid metals, a new 
empirical relationship between 7o, Vc, and Tc was sought. 
The equation 

7o(Vc-B)^'=' =ATc, (9) 

It is premature to conclude that the excess of 
NWcav(ca'cd) over AG'^^expt!) is, in fact, indicative of a 
term NWgttr of the order of 2 kcal/mol. It is difficult to 
calculate NWattr from simple principles. In addition, more 
detailed consideration must be given to the value 4/15 in 
Eqs. 3 and 5. However, the success of this simple model 
justifies refinements which could lead to better agreement 
with experiment for the monovalent metals, and which are 
considered essential to the extension of the model to 
polyvalent metals. The density of states for conduction 
electrons in metals is nonparabolic in the wave vector k as a 
result of the interaction of the electrons with locally 
attractive ionic potentials. Therefore, the valence electrons 
are not completely free in the metal, and their average 
kinetic energy relative to the bottom of the conduction 
band may be different from the free-electron value (3/5)Ef. 
Furthermore, the contribution of (2/3)Ef to Eqs. 1 and 3. 
arising from the screened repulsive interaction between the 
conduction electrons and the excess electronic charge in the 
cavity, is known to be correct to first order in perturbation 
theory, but higher-order terms may be significant. Some or 
all of these approximations may not be valid for polyvalent 
metals, and this is being investigated. 

€. Surface Tension and Critical Properties of 
Liquid Metals 

The principle of corresponding states was applied to the 
surface tension of liquids by Guggenheim'^ in 1945, By 
analysis of surface tension and critical-property data for 
"simple" liquids such as the heavier noble gases, nitrogen. 

where A and B are constants, was found to relate these 
three properties accurately. The equation may be rewritten 

and oxygen, Guggenheim 

7oVc 

' obtained the relation 

= KTc, 

(Tc/7o)"' -A-^'^(Vc-B). (10) 

Its validity for mercury and the alkali metals is evident in 
Fig. V-6 by the linearity of a plot of (Tc/7o)^'^ versus Vc 
for the data in Table V-2. From the intercept of the line on 
the Vc-axis, the constant B is 31 cm^/mol; from the slope 
of the line, the constant A is 1.67 erg/(''K)(mol2'^). Both 
constants were derived by least-squares analysis. The dashed 
line in Fig. V-6 is for simple liquids that follow the 
principle of corresponding states. Equations 8 and 9 differ 
in that K is about 2.5 times larger than A, and B = 0 for 
simple liquids. 

The critical volumes and temperatures of other liquid 
metals can be estimated from Eq. 9 and the law of the 
rectilinear diameter'^ as follows. The value of 70^ obtained 
by extrapolating the surface tension of the liquid metal to 
absolute zero, is inserted into Eq. 9 together with the values 
for the constants A and B. This fixes one relationship 
between Tc and the critical density Pc ~ ^/^c^ where M is 
the molar mass. A second relationship between Tc and PQ is 
given by the law of the rectilinear diameter, which states 

TABLE V-2. Test of the Principle of Corresponding Stales 

(8) 

Metal 

Hg 
Li 
Na 
K 
Rb 
Cs 

70 
(erg/cm2) 

545(1") 
470(15) 
220(15) 
125(15) 
9S(1S) 
80(15) 

Yc (cm-'/mo 

43(17,1 
66(19) 

116(19) 
209(19) 
247(19) 
311(19) 

i l ) 

8) 

Tc 
(•K) 

1763(16) 
3223(19) 
2573(19) 
2223(19) 
2093(19) 
2057(19) 

7nVc2/3/Tc 
|erg / ( -K)(mol2/3) | 

3.79 
2.38 
2.03 
1.98 
1.79 
1.79 
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that the average density of the liquid and vapor phases, 
p = (PL + Pv)/2' '5 ^ 'i"^^'' function of temperature and 
passes through the critical point (T|;,Pc)- The latter 
relationship can be established accurately from low-
temperature liquid densities, since at low temperatures 
p'^Pl^ll, and it can be extrapolated reliably to higher 
temperatures because of its linearity. If the two relation
ships are constructed on a density vs. temperature plot, 
then Pc and Tc can be found from their intersection. This is 
illustrated in Fig. V-7 with data for liquid iron; the two 
curves intersect at Tc = 6500°K and Pc = I 42 g/cm^, giving 
Vc=39cmVmol. 

This technique of solving two simultaneous equations in 
the critical properties was used to estimate pc, Vc, and Tc 
for a variety of liquid metals whose densities and surface 
tensions as functions of temperature are known. The results 
are shown in Table V-3. 

It is important that these estimates be put into proper 
perspective with respect to historical developments in this 

area and to their probable reliability. Until recent years, 
mercury was the only metal whose critical properties were 
known. Estimates^" of the critical properties of other 
metals had been based on data for mercury and the 
principle of corresponding states. However, measurement of 
the critical properties of the alkali metals" showed that 
the liquid and vapor densities and the heats of vaporization 
of these metals were not related as predicted by the 
principle of corresponding states. Moreover, the present 
work extends this conclusion to the surface tension as well. 
Hence, application of the principle to estimation of critical 
properties is of dubious validity. The technique of estima
tion presented here is based not only on data for mercury, 
but on data for all metals whose critical properties are 
known at this time. This is probably an improvement over 
corresponding-state methods, but there is no assurance that 
other liquid metals will have 7o, Vc, and Tc values 
accurately related by Eq. 9. Thus the validity of this 
relationship should be reassessed as future measurements of 
the critical properties of metals are made. In the meantime. 
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TABLE V-3. Estimated Critical Properties of Liquid Metals 

Metal 

Mg 
Sr 
Ba 
Al 

Ni 

Ag 
U 

" 0 , 
(g;cm3l 

1.834 
2.648 
3.59 
2.659 
7.315 

12.15 
7.309 

11.469 
10.66 5 

8.618 
9.908 
9.007 

10.465 
19.356 

-IO' 'do/dT 
lB/(cm3)CK)l 

2.647 
2.62 
2.74 
3.11 
6.798 

15.2 
6.127 

13.174 
11.820 

8.83 
11.589 
4.003 
9.067 

10.328 

To 
(erg/cm2) 

721 
392 
351 
996 
602 
536 
581 
538 
42J 

2758 
2348 
1629 
1139 
1747 

Pc 
{g/cm3) 

0.438 
0.850 
1.36 
0.427 
0.77 
2.11 
0.65 
1.94 
1.18 
1.42 
1.38 
1 10 
1.83 
3.30 

Vc 
(cm3/mol) 

56 
103 
101 
63 

149 
97 

183 
107 
177 

39 
42 
58 
59 
72 

Tc 
(•K) 

3600 
4000 
3600 
6000 
8600 
5200 
9900 
5 800 
7000 
6500 
6100 
8600 
6200 

12400 
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the approach outlined here provides critical-property 
estimates of sufficient reliability for many scientific and 
engineering purposes. 

2. Transport Properties: Electronic Conductivity of 
Selenium- and Sulfur-containing Cathode Alloys 

Little information is available on the electronic con
ductivity of liquid elemental semiconductors and the 
effects of temperature and dopants on conductivity. 
Theory^' indicates that amorphous and liquid semi
conductors should be less sensitive to doping than crystal
line semiconductors, but the magnitude of the effect 
cannot yet be predicted. Because suitable experimental data 
are lacking and because future portable power sources may 
rely heavily on liquid semiconducting elements as cathode 
materials, the effects of doping on liquid selenium and 
sulfur are being studied. 

a. Selenium 

The conductivities of liquid selenium and selenium-
tellurium alloys containing up to 26 at.% tellurium have 
been measured. The conductivity cell consisted of a pair of 
spectrographic graphite rods sealed in quartz tubes. The 
tubes were fused parallel to one another and mounted on a 
micrometer-controlled stand to provide a constant inter-
electrode distance and a measurable immersion depth. The 
cell constant was determined to be 0.3150 cm~'. Con
ductivities were measured with an impedance bridge at an 
ac frequency of 1 kHz; measurements were carried out over 
the temperature range 300 to 400°C in a high-purity helium 
atmosphere. The selenium and tellurium were specified as 
99.999% pure. 

In Fig. V-8, our data for the conductivity of pure 
selenium as a function of temperature are compared with 
those of other workers.^ ^"^' Our results are in excellent 
agreement with those of Henkels^^'^^ and Lizell,^" 
whereas the values of Baker^' and of Watanabe and 
Tamaki^* are higher and lower, respectively. 

The conductivities of several selenium-tellurium alloys 
are also given as a function of temperature in Fig. V-8. 
These results were extrapolated to 500°C (assuming a 
constant activation energy for conduction in the range of 
300 to 500°C), and compared with those of other 
workers.^ ^'^* The extrapolated values from the present 
study were in very good agreement with the data of 
Perron,^' who studied the conductivities at the tellurium-
rich concentrations. 

b. Sulfur 

The conductivities of liquid sulfur and sulfur-rich mix
tures have been determined as a function of temperature 

and composition. Measurements were made with a Jones 
electrolytic bridge operated at an ac frequency of 1 kHz. 
Most of the measurements were made in the temperature 
range from 220 to 420°C. Experimental accuracies of the 
conductivity measurements were limited due to the high 
volatility of liquid sulfur; the error limits were estimated to 
be approximately ±10% at temperatures above 260°C and 
±50% at temperatures below 260°C. (The larger error limits 
associated with the measurements below 260°C resulted 
from the use of a shunt in parallel with the cell.) 

Conductivities were measured for two different grades of 
sulfur, namely, sublimed sulfur (N.F.) supplied by 
Mallinckrodt Chemical Works (no purity specification 
available) and sulfur of 99.999-t- % purity obtained from 
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Fig. V-8. Conductivity of Selenium and Selenium-Tellurium 
Alloys as a Function of Temperature. 
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American Smelting and Refining Co. The results for both 
materials are given in the lower portion of Fig. V-9. The 
change in the slope of the curve for high-purity sulfur with 
changing temperature indicates that even this grade of 
sulfur may not be free of impurities. Our data differ from 
the extrapolated values of Feher and Lutz,^' and from the 
findings of Watanabe and Tamaki" and of Kraus and 
Johnson.^" However, the validity of the extrapolation of 
Feher and Lutz's data over a wide range of temperature is 
questionable. 

The conductivities of several sulfur-tellurium mixtures 
and one sulfur-selenium mixture are also included in 
Fig. V-9 (as dashed lines). In the case of sulfur-tellurium 
mixtures, a plot of conductivity as a function of composi
tion at constant temperature indicates that these curves are 
not Unear near the sulfur-rich end. 

Conductivities of sulfur mixtures with 5 at. % each or 
9 at. % each of selenium and tellurium were also measured, 
and were roughly the sum of the two binary systems. 

The conductivities as functions of temperature for some 
sulfur-phosphorus and sulfur-iodine mixtures are also 

1,7 1,8 
IOVT , T In 'K 

shown in Fig. V-9. The addition of phosphorus or iodine 
produced considerably larger increases in the conductivity 
of sulfur than did equal additions of tellurium or selenium. 
This result may be due to the extrinsic nature of conduc
tion in the S-P and S-l mixtures, compared with the 
intrinsic conduction mechanism in S-Se and S-Te mixtures. 
Such extrinsic conduction predominates at the lower 
temperatures, as is exhibited by the S-P and S-l mixtures. 

Preliminary conductivity measurements have also been 
made of lithium-sulfur mixtures. The data indicate that a 
highly conducting (probably lithium-rich) phase appears at 
375 ± 10°C. 

B. STUDIES OF MOL TEN SAL TS 

Because of the extensive use of molten salts in industrial 
applications, the understanding of their physlcochemical, 
thermodynamic, and structural properties has become 
increasingly important. The program to study these prop
erties has been concerned primarily with determining the 
phase relationships of binary and multicomponent systems, 
and with elucidating the structure of these systems. 
Attention has also been given to the characterization and 
analysis of paste electrolytes and filler materials (used in 
the battery program). 

I. Thermodynamics: Phase Diagrams of Lithium 
Halide-containing Systems 

The feasibility of using low-melting mixed-cation elec
trolytes in electrochemical cells is being investigated. 
Electrolytes for such cells would utilize mixtures of lithium 
halides with other alkali halides (excluding sodium), since 
these have suitably low-melting eutectics and appropriate 
thermodynamic stabihties. 

Lumdsen" has developed a method of estimating the 
thermodynamic data for binary alkali-halide systems with a 
common anion; these data can be used to calculate the 
requisite binary phase diagram. Using a regular solution 
model, Lumdsen expressed the liquidus temperature of 
component i as 

KNj'+AHnii 

'ASmi -R lnNj ' (1) 

Fig^V-9. Conductivity of Sulfur and Sulfur-containing Mixtures 
as a Function of Temperature (mixtures made witti subUmed 
sulfur except for 2% 1 mixture). 

where AH^i and ASmi are the heat and entropy of fusion 
of component i, N is the mole fraction, and K is an 
interaction parameter calculated from London forces, 
polarization forces, and the interionic distances for each 
salt. 

Lumdsen's model was used to calculate the phase 
diagrams for the Lil-KJ and Lil-Rbl systems.'^ A minimal 
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number of thermal-analysis data points were necessary to 
map the phase diagrams because of the guidance given by 
the calculated diagrams. The data for the Lil-KI system are 
given in Fig V-10, along with the available literature 
d a t a ^ ' ' " for the system; the data for the Lil-Rbl system 
are given in Fig. V-11. 

The agreement between the calculated and experi
mentally determined phase diagrams is very good, especially 
for the Lil-Rbl system, even though the 1:1 compound 
Lil-Rbl forms. The compound Lil-Rbl raises the minimum 
temperature only 25 °C above that obtained in the calcula
tion. It is clear that the model proposed by Lumdsen can 
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Fig. V-1 1. Solid-Liquid Phase Equilibria for the Lil-Rbl System. 

offer a significant reduction in experimental effort required 
for the selection of low-melting mixtures. Although this 
model is rigorously applicable only to simple eutectic 
systems, our work indicates that reasonable success can be 
expected in predicting the behavior of alkali-halide systems 
even when compound formation occurs. 

Since the two binaries Lil-KI and Lil-Rbl had low-
melting eutectics. several ternary and multicomponent 
systems having these pairs as constituents were also 
investigated, and mixtures having even lower melting points 
were identified. The results of this study are summarized in 
Table V-4. 

TABLE V-4. Low-melling Lithium Halide Mixtures 

System/Composit 

Lil 
60 

Lil 
60 

LiBr UI 
9.6 54.3 

LiCI - LiBr - Lil 
3.45 9.25 52.4 

on (mol %) 

Rbl 
20 

Kl 
18 

Kl 
16.2 

Kl 
15.7 

Csl 
20 

Csl 
22 

Csl 
19.9 

Csl 
19.2 

Liquidus 
Temp 
CC) 

232 

207 

194 

186 

Peritectic 
Temp 
CO 

=230 

-

Eutectic 
Temp 
CC) 

r227 

204 

189 

184 

Remarks 

Peritectic and 
eutectic occur 
close to each 
other 

Composition 
close to 
eutectic 
composition 

Composition 
close to 
eutectic 
composition 

Composition 
close to 
eutectic 
composition 
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2. Structure Investigations by Spectroscopic Methods 

Several of the phosphorus-sulfur compounds under 
investigation as cathode substances for electrochemical cells 
have been investigated by Raman spectroscopy. The Raman 
spectra of solid and hquid P4S3 are essentially the same 
except that several low-frequency lattice modes were 
observed for the solid, but not for the liquid. The spectrum 
of mohen P4S3 is shown in Fig. V-12, and the frequencies 
are tabulated in Table V-5, column 3. The Raman spec
trum for mohen P4S,o is shown in Fig. V-13, and the 

500 400 ZOO "00 

Fig. V-12. Raman Spectrum of Liquid P4S3 (200'C). 

Fig. V-13. Raman Spectrum of Liquid P4S1Q (340"C). 

frequencies are tabulated, along with those for the solid, in 
Table V-5, columns 1 and 2. The Raman spectra of solid 
and liquid P4S3 and the spectrum of solid P4S10 agree with 
previously reported results for these compounds.^^'^* No 
previous investigations of molten P4S10 have been reported 
in the hterature. 

Unlike P4S3, P4S10 exhibits differences in the Raman 
spectra of the solid and liquid phases (see Table V-5). The 

TABLE V-5. Composite of Raman Frequencies (cm-1) for the Phosphorus-Sulfur System^ 

P4S10 
Solid 

42,54.66 
128 

163 

310 

401 

Liquid 

126 s 

163 m 

268 m 

308 m 

Liquid 

187 m 

227 m 

377 w 

" 

490 w 

Liquid 85 at 

Before Heating'' 

151 

221 

366 

4 6 5 
4 7 9 

%P-1S at. %S 

After Heating^ 

. 
126 

(163)1 
185 
202 
214 

225 
233 
238 
244 
262 
267 
290 
305 
346 
358 
366 
375 

4 0 7 
4 2 5 
451 
4 6 5 

4 9 0 
60S 

Species 
Assignment 

Lattice modes 
P4S10 
Ss 
P4S10 
P4S3. P4S10 
P4S10 
e 
Ss 
P4S3 
e 
e 
e 

P4S10 
P4S3 
P4S10 
P4S3 
e 
P4 
P4S3 
Solid P4S10 
e 
P4S3 
P4S3 
P4 
Ss 
P4S3 
P4 
Solid P4S10 
Solid P4S10 

- B ^,,j . .,. iiituiuiii imeiisiiy; w - weak mtensity. 
"Spectrum of liquid eutectic at 25-C before temperature cycling to 200-C 
^Spectrutn of liquid eutectic at 2 5 ^ after temperature cycling to lOO'C 
dObserved as a shoulder on the 185 cml band 
^Probably associated ™th polyphosphide or a phosphorus-sulfur compound other than P4S,o or P4S3. 
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absence of any bands above 400 cm"' in the liquid indicates 
that, on melting, the P-S terminal bonds in P4S1 0 undergo 
some cross-linking. The inner cage structure of P4S10 (the 
P4S6 portion) is not affected by this cross-linking, as 
evidenced by the similarity in the Raman data below 
400cm"' for the solid and liquid phases. In P4S3, the 
bands below 400 cm"' are also attributed to the P-S-P 
network, and those in the region of 400 to 500 cm"' are 
assigned to vibrations of the equilateral triangular base 
formed by three phosphorus atoms. 

The eutectic 85 at. %P-I5 at. %S (mp,<25°C) has also 
been investigated by Raman spectroscopy. Spectral data at 
25°C for this mixture (prepared at 40°C) show that only P4 
and Ss are present (see Table V-5, column 4). Data taken at 
25°C after the sample had been heated above 200°C (see 
Table V-5, column 5) are considerably different from those 
for the unhealed sample, and indicate the formation of 
P4S10, P4S3, and possibly other phosphorus-sulfur com
pounds. Because of the large excess of phosphorus, P4 
molecules are stUI evident in the heat-treated sample, but 
Sg molecules are not. 

The Raman studies of divalent metal ions in molten 
halide media have continued with an investigation of the 
Mgl2-KI system. Raman spectra of molten samples con
taining 40 and 50mol%Mgl2 in K] were identical; the 
spectrum of the 40mol%Mgl2 sample is shown in 
Fig. V-14. The band at 109 cm"' is almost totally polarized, 
whereas the bands at 58 and 39 cm"' are depolarized, as 
indicated by trace b in the figure. These results and those 
previously reported in ANL-7550, p. 79 for the MgCli-KCl 
and MgBrj-KBr systems are very much the same. In each 
system, two bands were observed: a strong polarized band 
and a broad depolarized band, which was less intense and 
occurred at a lower frequency. In the Mgli-Kl system, the 
lower-frequency band was resolved into two components. 
Although this band was not resolved in the MgCl2-KCl and 
MgBr2-KBr systems, it very probably contained two 
components in these systems as well. The Raman spectra 
for the magnesium halide systems are most consistent with 
the formation of tetrahedral MgX,"^ (X = Cl, Br, or I). 

C. STUDIES OF ENERGY CONVERSION 

Exploratory studies of laboratory-scale secondary cells 
have been directed toward obtaining a better understanding 
of the electrochemical processes occurring in the cells. New 
and potentially useful cathode materials containing 
phosphorus and sulfur have been introduced, and the 
nature of the diffusion mechanism in these cathodes has 
been examined. The influence of the salt-to-filler ratios in 
paste electrolytes on cell performance has been investi
gated. Several promising low-melting, mixed-cation elec
trolytes have evolved. In all of these studies, inert 

containment materials are needed to ensure that electro
chemical measurements are thermodynamically meaningful; 
this need is being met by the materials research program. 

/. Lithium/Chalcogen Cells 

a. Lithium/Selenium Cells 

Cells with Liquid Electrolytes. An attractive feature of 
the hthium/selenium cell is that both selenium and lithium 
have low melting points: 220 and 180°C, respectively. 
However, cell operating temperatures have been limited by 
the melting point, 341 °C, of the commonly used elec
trolyte, the eutectic mixture composed of 11,7 mol % LiF-
29.1 mol%LiCl-59.2mol%Lil. In an effort to achieve 
lower operating temperatures, lower-meUing electrolytes 
for lithium/selenium cells have been sought. 

For successful cell operation, the electrolyte should have 
high lithium-ion content and mobility as well as a low 
melting point. At present, the adequacy of the lithium-ion 
flux can only be inferred from the results of cell operation 
and from the stability of other halides relative to Lil, the 
major component in most of the eutectics that have been 
used in cells. From a comparison of the standard free 

Fig, v-14. Raman Spectrum of 40 mol % Mgl2-60 mol % Kl 
(360'C). (Incident laser beam was polarized perpendicular to 
direction of observation in curve a and parallel to direction of 
observation in curve b.) 



energies of formation at 600°C for all of the alkali metal 
halides,^'' electrolytes based on the binaries Lil-KI, 
Lil-Rbl, and Lil-Csl seem attractive. With consideration of 
the additional requirement that the electrolyte have a high 
lithium-ion content, a eutectic composed of 8.5 mol % 
LiCI-59 mol % LiI-32.5 mol % Kl, mp = 265°C (see 
ANL-7550, p. 78), was prepared for use in lithium/selenium 
cells. 

Short-time voUage-current density data for several 
lithium/selenium cells with LiCI-Lil-KI electrolytes are 
given in Fig. V-15, together with a tabulation of the cell 
parameters and operating conditions. The effects of adding 
tellurium to selenium (to improve the conductivity) and of 
using an expanded-mesh current collector on the per
formance of these cells are well illustrated by the data. 

It was not possible to achieve full theoretical capacity in 
these cells operating at high current densities and low 
temperatures (below 300°C) because of formation of solid 
product in the cathode (see lithium-selenium phase diagram 
in Fig. V-4). However, it was possible to achieve 82% of 
theoretical capacity (1.22 A-hr) at 295°C at a current 
density of 0.125 A/cm^ in a cell with an expanded-mesh 
cathode current collector; 707P of this capacity was 
achieved at a terminal voltage above I V. 

Thermal analysis of the electrolyte used for all the above 
runs indicated its composition had not changed during the 
runs; thus it can be concluded that no reduction of 
potassium ion occurred during cell operation. It appears 
from these results that selected low-melting mixed-cation 
electrolytes can be used in lithium/selenium cells without 
significantly affecting cell performance relative to that of 
cells of the type Li/LiF-LiCl-Lil/Li in Se. 

Cells with Paste Electrolytes. In the study of 
hthium/selenium cells with paste electrolytes, cell perform
ance has been evaluated as a function of (I) composition of 
the paste electrolyte and (2) properties of the cathode 
current collector, including porosity, pore size, and configu
ration (metal felt or expanded mesh). (A further discussion 
of paste electrolytes is given below is Sect. V.C.2.) A 
diagram of the cell configuration used in these studies is 
shown in Fig. V-16 along with voltage-current density 
characteristics and the pertinent structural information for 
two of the cells. Discharge curves for one of the cells are 
given in Fig. V-17; the curves are typical of those obtained 
throughout the investigation. Data for the entire series of 
ceils are summarized in Table V-6. It was generally found 
that at low current densities (<0.1 A/cm^), high-capacity 
densities were obtained with expanded-mesh current col
lectors, whereas at higher current densities (>0.25 A/cm^), 
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TABLE V-6. Characteristics of Some Lithium/Selenium Cells with Paste Electrolytes 

Electrolyte 
Concentration 

(wt %) 

SO 

60 

70 

Killer 

>-Al203 
• l -L iAI02 
•>-LiAI02 
1-L iAI02 
Y2O3 
r - L i A I 0 2 
•y,LiAI02 
•>-LiAI02 
7-L iA I02 
a -L iA I02 
7+a-L iA I02 
T-L iAI02 

Paste 

Thickness R 
(cml 

0.302 
0.282 
0.300 
0.244 
0.264 
0.259 
0.274 
0.312 
0.305 
0.285 
0.368 
0.325 

esistivity 
Uat io" 

11.a*: 
8.4'-' 
9.5 

10.4c 
9.1 
3.5 
4.7 
6.3 

14.7 
5.4 

36C 
4.7 

Ca 
C 

thode 
jrrent 

Collector 
Material** 

A 
A 
C 
A 
A 
C 
C 
A 
B 
D 
A 
D 

Test 
Duration 

(hr) 

5.5 
24 
6.5 

24 
192 

25 
3 

24 
192 

5 
24 
75 

Max Short-
circuit Current 

Density 
(A/cm2) 

1.0 
2.1 
1.6 
1.3 
1.3 
4.1 
3.4 
2.3 
0.79 
2.63 
0.42 
3.16 

Maximum 
Power 

Density 
(W/cm2) 

0.6 
1.1 
0.9 
0.7 
0.7 
2.7 
1.9 
1.2 
0.45 
1.4 
0.23 
1.7 

Maximum 
Capacity 
Density 

(A-hr/cm2) 

0.066 
0.070 
0.105 
0.237 
0.197 
0.073 
0.105 
0.206 
0.040 
0.033 
0.088 
0.1 13 

Theoretical 
Capacity 
Density 

(A-hr/cm2) 

0.355 
0.585 
0.451 
0.494 
0.494 
0.371 
0.114 
0.249 
0.460 
0.123 
0.454 
0.527 

aRalio of resistivity of paste to resistivity of pure electrolyte. 
bA • Iron expanded mesh 1: porosity = 65%, pore size = 2000 Mm; B • Iron expanded mesh 2: porosity - 57%. pore size = 1 800 ^m; 
C - Stainless steel felt 1: porosity = 90%, pore size = 67 tim: D - Stainless steel felt 2: porosity - 80%, pore size = 29 Mm. 

•̂ Poor wetting of paste by reactants. 

metal-felt current collectors provideii higher capacity 
densities. Pastes with high concentrations of electrolyte 
(>70wt%) experienced structural failure of the paste 
electrolyte owing to excessive softening. Pastes with 
<50 wt % electrolyte showed generally higher resistivity 
ratios (paste/pure electrolyte) and poor wetting at the 
electrolyte-electrode interfaces. 

b. Lithium/Sulfur Cells 

A number of lithium/sulfur cells have been operated 
with liquid eutectic electrolytes. ' ' •" Figure V-18 contains 
a diagram of the cell assembly, structural information, 
operating conditions, and results for three Li/LiF-LiCI-
LU/(Li in S) cells. 

The performance of lithium/sulfur cells was closely 
related to the characteristics (porosity and pore size) of the 
metals used as cathode current collectors. The low-porosity 

CUftHENT DCNSITY.A 

Fig. V-18. Effect of Cathode Current Collector on Cell 
Performance of a Lithium/Sulfur Cell. 

(<50%) cathode current collectors showed a low resistance 
overvoltage and a high diffusion overvoltage, whereas the 
converse was true for the high-porosity (>80%) materials. A 
current density of 3 A/cm^ at 1 V was obtained from a cell 
that had sintered tungsten powder (41% porosity, I5-/Jm 
pore diameter) as the cathode current collector; a current 
density of 6 A/cm^ at I V was achieved from a cell with 
stainless steel felt (90% porosity, 67-/im pore diameter) as 
the cathode current collector. The best performance, 
7A/cm^ at 1 V, was obtained with stainless steel felt of 
80% porosity and 29-/Um pore diameter. Although the 
cathode current collector with intermediate porosity 
showed the best performance of the three, it is not clear 
that these values of porosity and pore diameter (80% 
porosity, 29-/jm pore diameter) are optimum. Further 
improvement seems likely with additional efforts at opti
mization of the structure of the cathode current collector. 

The voltage-current density curves for discharge of the 
cell having the current collector with 80% porosity show 
that an open-circuit voltage of 2.3 V is available and a 
short-circuit current density of 13 A/cm^ can be obtained 
for a short time. The maximum power density calculated 
from the data in Fig. V-18 is 7.5 W/cm^ (at 1.2 V). The 
resistance-free voltages measured by a current-interruption 
technique indicated that the short-time overvoltage was 
essentially ohmic, and originated primarily in the elec
trolyte and the cathode current collector. The diffusion 
overvoltage increases during the discharge while the resist
ance overvoltage remains approximately constant, as can be 
seen in Fig. V-19. 

The overall cathode compositions at full discharge 
ranged from Lio.sS to LiS. Complete discharge of the cell 
to LijS was not possible at current densities near 1 A/cm^ 
because of the high diffusion overvoltage. For this reason, 
the highest capacity density achieved at a current density of 
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Fig. V-19. Voltage-Capacity Density Curves at Constant 
Current for a Lithium/Sulfur Cell. 

1.4A/cm^ was 0.33 A-hr/cm^ or 35% of the theoretical 
capacity density, based on LijS as the final cathode 
composition. The open-circuit voltage was stable in a 54-hr 
test, thereby indicating a low rate of self-discharge. 

A lithium/sulfur cell was also operated with the low-
melting (184°C) LiCl-LiBr-Lil-KI-Csl eutectic as the elec
trolyte. The sulfur cathode of this cell contained 
approximately 30 wt % of a selenium-tellurium alloy to aid 
in current collection. Figure V-20 gives the cell design and 
voltage-current density characteristics for this cell at various 
temperatures. The performance of the cell is poor below 
300°C, but seems to improve appreciably at about 330'̂ C. 
The poor performance at lower temperatures is attributed 
to the high viscosity of the cathode alloy and to solid 
formation in the cathode after addition of small amounts of 
lithium. At higher operating temperatures, the capacity of 
the cell is increased by the greater solubility of lithium in 
the cathode alloy. 

c. Lithium/PxSy Cells 

Cells with lithium anodes and compounds of phos
phorus and sulfur as cathodes have been operated in 
an effort to improve the performance characteristics of 

sulfur-containing cells."" Although lithium/sulfur cells can 
be operated at open-circuit voltages and short-circuit 
current densities comparable with those of the lithium/ 
selenium and lithium/tellurium cells, the fraction of 
theoretical capacity density of the sulfur cathode that can 
be achieved has proven to be less than 50% of that achieved 
by the selenium or tellurium cathode. The low fraction of 
theoretical capacity density of the sulfur cathode is 
believed to be at least partially due to the high viscosity of 
liquid sulfur, which inhibits the diffusion of cell products 
away from the cathode-electrolyte interface. Additives such 
as phosphorus are known to reduce the viscosity of the 
sulfur considerably."' 

A comparison of instantaneous voltage" ̂ -current 
density characteristics for a Li/P4S3 cell, a Li/P4Sio cell, 
and a Li/S cell is given in Fig. V-21, along with a diagram of 

CURRENT DENSITY, A / c m ^ 

Fig. V-20. Voltage-Current Density Characteristics for 
a Lithium/Sulfur CeU. 

CURRENT DENSITY. A/cm^ 

Fig. V-21. Voltage-Current Density Characteristics for Lithium/ 
Sulfur, Lithium/P4Sio, and Lithium/P4S3 Cells. 
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the cell assembly and a summary of the operating condi
tions, which were the same for each cell. The sulfur cathode 
appears to be superior to the phosphorus-sulfur cathodes in 
producing a high instantaneous power density; however, a 
comparison of capacity density-current density data for 
these cathodes, shown in Fig. V-22. indicates that the 
phosphorus-sulfur cathodes are capable of higher capacity 
densities, particularly at discharge rates above 1 A/cm^. 
The linear relationship between capacity density and 
current density on logarithmic scales is to be expected from 
simple diffusion theory, and the slope and position of these 
lines are recognized as being related to the pore size, 
porosity, and configuration of the cathode current col
lector, and to the nature of the cathode material. 
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Vohage-current density data for the Li/p4S|o cell taken 
as a function of temperature indicate that the changes in 
internal resistance of the Li/LiBr-RbBr/P4Sio cell as a 
function of temperature are due almost exclusively to the 
electrolyte. The plot of conductance against reciprocal 
temperature yields a straight line with a slope correspond
ing to an activation energy of 3.6 kcal/mol. The activation 
energy for ionic liquids such as fused saUs is normally very 
close to 3.6 kcal/mol.**^ 

The importance of diffusion in controlling cell capacity 
densities has prompted an investigation of the diffusion 
mechanism in cells with sulfur-containing cathodes. The 
instantaneous and long-time recovery of the terminal 
voltage of Li/P4Sio cells was measured with a dual-beam, 
dual-trace oscilloscope after rapid interruption of current 
flow, using a method similar to that of Trachtenburg.'*'* 
Figure V-23 shows the results of a typical experiment. The 
short-time or IR-related overvoltage was measured with the 
lower beam by sweeping at a rate of 2jUsec/cm; the 
long-time or diffusion-related terminal voltage recovery was 
measured with the upper beam by sweeping at a much 
lower rate of 5 sec/cm. Graphs of the steady-state terminal 

t%o 

CWM 0.05 OJ 0,5 1.0 5.0 
CURRENT DENSITY, A/cm^ (LOGARrTHMIC SCALE) 

Fig. V-22. Capacity Density-Current Density Characteristics for 
Li/P4S3, Li/P4S|0. and Li/S Cells at 400"C. 

Fig. V-23. Voltage-Time Relations of a Lithiuni/P4Sio Cell 
after Current Interruption. 

voUage, EQC. obtained after interruption, minus the time-
dependent terminal voltage, Et, plotted against time on a 
logarithmic scale have yielded straight lines in the time 
range of 1 to 100 sec after interruption of current flow (see 
Fig. V-23). Work currently in progress to derive mathe
matical expressions for this behavior has indicated that the 
equations governing diffusion in a semi-infinite medium 
adequately predict the observed region of linearity. 

2. Immobilization of Fused-salt Electrolytes 

An important factor in the development of practical cell 
configurations is the immobilization of one or more of the 
three liquid phases. A program is in progress (see 
ANL-7550,,p. 85) to study immobilization of the elec
trolyte phase through the use of paste disks. The paste-
electrolyte disk is a pressed composite of an inert infusible 
filler and the electrolyte proper, which is an ionic lithium-
salt mixture. At the operating temperature of an electro
chemical cell, the electrolyte is above its melting point; 
however, the paste, being a highly viscous material, behaves 
essentially as a solid. This pseudo-solid functions both as a 
mechanical separator between the electrodes and as an ionic 
conductor between them. 

a. Filler Studies 

The material that has shown the most promise as a filler 
for paste electrolytes is meta-lithium aluminate, LiA102-
Both a- and 7-LiA102 have been studied, and methods of 
preparation of these materials have been devised. During 
the preparation studies, a previously unreported form of 
LiAi02 was discovered. 

In experiments to study preparation methods of other 
lithium aluminates. namely. Li5A104 and LiAlsOg. a 
high-temperature (gOO^C) reaction was observed between 
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7-LiA102 and the lithium halides that comprise the paste 
electrolyte. It remains to be seen whether a paste electro
lyte containing 7-UAIO2 and lithium hahdes is adequately 
stable chemically under long-term, lower-temperature con
ditions of cell operation. 

The stability of proposed fillers to lithium and chal-
cogens was tested. Both 7-LiA102 and MgO were stable to 
lithium and selenium in tests of more than a week's 
duration at 375''C; however, Li2Zr03 was not resistant to 
attack by lithium under similar conditions. 

b. Paste Studies 

A necessary part of the development of cells employing 
paste electrolytes is the selection of pastes with suitable 
electrochemical and physical characteristics. Work has 
continued on the preparation of paste-electrolyte disks of 
various compositions and the determination of the prop
erties of the disks. 

the disks that were pressed without pre-evacuation of the 
mold were usually lower than the densities of those 
obtained when the mold was evacuated prior to pressing. 
The effects of pressing force and pressing temperature on 
disk density have not yet been investigated in detail; 
however, it has been established that high densities can be 
obtained even at room temperature if enough pressing force 
is used. For example, 98% of theoretical density was 
achieved for a disk containing 50 wt %7-LiA102 by 
pressing at 25°C under 29,000 kg force after mold evacua
tion. The effect of pressing temperature (at 1450-kg 
pressing force) on disk density was investigated with and 
without evacuation using 7-AI2O3 as the filler. At tempera
tures of 300 and 340*^0 without evacuation, the disk 
density approached 90% of the theoretical value. These 
results can be compared with a value of 85% for an 
identical mixture pressed at only 105°C with evacuation. 
Evidently, evacuation is more important to the achievement 
of high disk density than is elevated temperature (above 
105°C). 

Recent efforts have been directed toward producing 
paste electrolytes of high density. Conditions of prepara
tion and resulting densities for several paste electrolytes are 
listed in Table V-7. The disks were all 2.5 cm in diameter 
and varied in thickness from 2 to 4 mm. The densities of 

From the above experiments, it may be concluded that, 
for paste-electrolyte disks of 2.5-cm diameter, densities 
within a few percent of the theoretical value can be 
obtained by vacuum molding with a force of 29,000 kg at 
room temperature or with a force of 1450 kg at 110°C. 

TABLE V-7. Condit ions of Preparation and Densities of 2.5-cm-dia Paste-electrolyte Disks 

Electrolyte^ 
Content 

49 
49 

S8 
58 
66b 
66b 
65 
67 

Pressing^ 
Atmosphere 

a-LiAI02 
7-LiAI02 
7-LiA102 
7-LiAI02 
7-LiAI02 
7-LiAI02 
7-LiA102 
Y2O3 
7-AI2O3 
7-AI2O3 
a - U A I 0 2 
a-LiA102 
a-LiAI02 
a .L iAI02 
a-LiAI02 
a-LiA102 
(i-LiA102 
7-LiA102 
7-LiA102 
7-LiAI02 
7-LiAI02 
7-AI2O3 
7-AI2O3 
7-AI2O3 
7-AI2O3 
a-LiAI02 
7-AI2O3 

ANL-1 
ANL-2 
ANL-2 
ESP 
ESP 
ESP 
G & S 
ROI 
V I T R O 
VITRO 
ANL-3 
ANL-3 
ANL-1 
ANL-4 
ANL-4 
ANL-3 
ANL-3 
ANL-2 
ANL-2 
ANL-5 
ESP 
VITRO 
VITRO 
VITRO 
VITRO 
ANL-1 
VITRO 

He 
Vac 
He 
Vac 
Vac= 
He 
He 
He 
Vac 
Vac 
Vac 
He 
Vac 
Vac<! 
Vac 
Vace 
He 
Vac 
He 
He 
Vac 
He 
He 
He 
He 
He 

Pressing 
T e m p 
C O 

117 
124 
105 
120 
102 
25 
120 
125 
120 
106 

25 
120 
120 
120 

120 
107 
120 
120 
105 
118 
300 
340 
120 
120 

^LiF-LiCl-Lil eutectic except where indicated 
"LiCI-LiLKI eutectic. 

' p n , ' ' %'^'B<>''"= National Laboratory; ESP = Electronic Space Products ; G & S = 
ROi - Research Orgamc/Inorganic Chemical Co. 

"Pressmg force 1450 kg except where indicated 
*=Pressmg force 29 .000 kg. 

Density 
(g /cm3) 

1.69 
2.75 
2.70 
2.39 
2 .48 
2.72 
2.42 
3.16 
2 .53 
2.67 
2 .79 
3.17 
2 .74 
2 .64 
3.20 
2.64 
3.22 
2.51 
2.91 
2.66 
2.57 
2 .89 
2 .69 
2 .96 

>3.0 
2.79 
2.81 

Gallard and Schlesinger; 

Percent of 
Theoretical 

Density 

86 
89 

77 
80 
91 
84 

95 
85 

87 
85 
79 
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3. Materials Stability 

Some of the chemical systems of interest in the research 
program on liquid metals and molten salts are highly 
wrrosive. A continuing program is being carried out to 
identify metals, alloys, and ceramics that resist the cor
rosive action of the systems being investigated so that 
reliable laboratory data can be obtained. 

Aluminum oxide (AI2O3) is a suitable electrical insu
lator material for use in systems with sodium and sodium-
containing alloys. Other insulators are needed, however, for 
lithium, which is more corrosive. The results of static 
immersion tests of various insulators in molten lithium at 
375°C indicate that thoria (ThO^), boron nitride (BN), 
aluminum nitride (AIN), yttria (Y2O3), beryllia (BeO), and 
single-crystal magnesia (MgO) have acceptable corrosion 
rates, ranging from <1 to 20 mils per year. Silica (Pyrex 
and quartz), alumina (AI2O3), zirconia (Zr02), and conven
tional magnesia (MgO) were severely attacked. 

The corrosion resistance of various materials to molten 
Li-P4Sio mixtures at 375°C was measured by static 
immersion and corrosion agitator tests. Several materials 
such as molybdenum, niobium, tantalum, Durimet 20, 
Hastelloy B, Hastelloy C, Inconel 718, and Nicaloy demon
strated corrosion rates of less than 5 mils per year and 
should be useful in laboratory programs. 

Mohen selenium and selenium-tellurium alloys are very 
corrosive, especially in the presence of lithium. The 
Li-Te-Se system is of interest because the addition of 
tellurium to selenium increases the electrical conductivity 
of the mixture. Corrosion tests were therefore performed to 
determine the resistance of various materials to molten 
Li-Se and Li-Te-Se mixtures at 375°C. Of the materials 
tested in the Li-Se mixtures, only beryllium, niobium, 
niobium-1% zirconium alloy, chromium, and tungsten 
possess sufficient corrosion resistance to be useful in 
laboratory studies. Niobium is resistant to Li-Te-Se mix
tures, but beryllium is not. 

D. BATTERY DEVELOPMENT 

I. High-specific-energy Lithium/Selenium Batteries 
for Implantation^^ 

The Chemical Engineering Division has undertaken a 
program for the Artificial Heart Program of the National 
Heart and Lung Institute (NHLI) to develop an implantable 
battery that would deliver 10 W of power and store 
120W-hr of energy. The proposed battery is to be 
composed of four Hthium/selenium cells having paste 
electrolytes of LiAlOj compacted with the eutectic salt of 
LiF-LiCl-Lil. The program has the following objectives: 

1) To carry out design, fabrication, and electrical 
performance evaluations of the pertinent characteristics of 
cells 7.5 cm in diameter. 

2) To develop sealing and insulating materials that are 
stable during long-term battery operation under implant
able conditions. 

3) To design, fabricate, and test three first-generation 
batteries of implantable-sized and sealed configuration in 
vitro at 37''C. 

a. Design of Sealed Cells and Batteries 

The basic designs proposed for the implantable lithium/ 
selenium cell and battery are shown in Fig. V-24. The 
characteristics of the battery are listed in Table V-8. This 
battery design, designated Mark I, is expected to deliver 
about 110 W-hr/kg. The battery consists of four single cells, 
which are stacked physically and electrically in series in a 
bipolar design. The cathode current collector and cathode 
cup are niobium; the ring insulators are boron nitride. 

The Mark I design has been modified to incorporate a 
boron nitride ring in the periphery of the paste electrolyte. 
The modified design, Mark II, is expected to have a larger 
specific energy: 210 W-hr/kg with a niobium current 
collector and cathode housing, or 295 W-hr/kg with a 
beryllium current collector and cathode housing. 

a.) LITHIUM/SELENIUM CELL 

QERAMIC RING ^ LITHIUM ANODE 
WSTE ELECTROLYTE 

-NIOBIUM CUP 

ÎNCONEL CLIP 

SELENIUM CATHODE 

bl LfTHIUM/SELENIUM BATTERY 

ELECTRICAL TERMINAL-
HERMETICALUr SEALED 

VACUUM 
/FEEDTHROUGH /HERMETIC SEAL 

TITANIUM 
CONTAINER 

Fig. V-24. Proposed NHLI Lithium/Selenium 
Battery (Mark I Design). 
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TABLE V-8. Characteristics of Proposed NHLI 
Lithium/Selenium Battery (Mark I Design) 

Diameter of paste e lectrolyte: 
Active electrode area per cell: 
Thickness of paste e lectrolyte: 

Thickness of selenium (without 
current col lector) : 

Total cathode thickness: 
Thickness of l i thium and anode 

current collector: 

Diameter of cell: 
Thickness of cell: 
Number of cells: 

Overall diameter of battery 
{with 1-cm-thick insulat ion): 

Height of battery (with insulat ion): 
Volume of bat tery (with insulat ion): 
Weight of ba t te ry : 
Specific energy of bat tery: 

Operating tempera ture : 
Open-circuit voltage (average): 
Operating voltage (average): 
Operating current : 
Operating current densi ty: 
Short-circuit current densi ty: 

8 3 cm 
38.7 cm2 
0 2 cm 

0.3 cm 
0.65 cm 

9.4 cm 
1.36 cm 

11.S cn 
7.5 cm 

1.09 kg 
110 W-hr/kg 

37 5'C 
2.0 V/cell, 8.0 V total 
1.9 V/cell . 7.6 V total 
1.32 A 
0.034 A /cm2 
2.0 A /cm2 

An alternative to using a ceramic ring as an insulator and 
seal in a Hthium/selenium cell is to use a composite material 
consisting of a high-temperature-resistant polymer mixed 
with an inert filler such as LiAlOj which can be cast in 
place. A cell design incorporating this concept is shown in 
Fig.V-25. Since the inner anode cup is electrically isolated 
from the outer cup by the insulation, the cell can be 
hermetically sealed by potting, brazing, or welding. 

wetted with selenium, and (3) a paste-electrolyte disk 
having a composition of 60 wt % LiF-LiCI-LiI eutectic and 
40wt%LiAIO2 filler. 

The performance of the cell at 375°C is summarized in 
Table V-9. During the 26-hr experiment, the cell was 
charged and discharged 15 times; current densities during 
charging ranged from 0.25 to 1 A/cm^. The cell resistance 
was high; however, no short circuits were observed, thus 
indicating that the boron nitride ring was successful in 
preventing the deposition of lithium in the gasket area. 

Studies of Sealing Methods. As discussed above, boron 
nitride has proved to be a suitable material for sealing the 
anode compartment-paste interface in a lithium/chalcogen 
paste electrolyte cell so that lithium would not be 
deposited in the gasketing area of the anode compartment 
during the charging operation. In preliminary studies, the 
gasketing area of the anode compartment had been flame-
sprayed with either Y2O3, AI2O3, or 7-LiAI02 ;"* all three 
left a coarse, grainy surface which was not suitable for good 
sealing. These cells failed through a combination of 
separation, cracking, and corrosion of the sprayed mate
rials. Although the boron nitride ring seal worked 
adequately, investigations are also being made of the sealing 
properties of some polymeric materials, including poly-
imides, with the aim of reducing the cell weight and 
simplifying fabrication. 

b. Studies of Lithium/Selenium Single Cells 

Cells with Ceramic Ring Insulators. Performance data at 
375**C have been obtained for a lithium/selenium cell 
having a 2.5-cm-dia paste-electrolyte disk incorporating a 
boron nitride insulator. Figure V-26 shows the paste elec
trolyte disk used in this cell. The inner periphery of the 
boron nitride ring was threaded to form a well-bonded 
surface between the ring and the paste. 

The cell assembly consists of (1) an anode cup contain
ing type 302 stainless steel Feltmetal (Huyck Metal Co.) 
wetted with hthium, (2) a cathode cup containing layers of 
niobium expanded mesh (0.23-cm die size, 57% porosity) 

7.96cm — 

l f e 8 8 m « * s E ^ r N ^ u M ^ s ^ 5 ^ ^ 
^lli!if;'-:..''^:'-y..y. LifniuM ^^y^f-'--.'^^^^ 

\ DINNER ANODE CUP \ 

^ O U T E R ANODE CUP ^ P A S 

_ t f 
0.2-* 1 

^INSULATOR 
rE ELECTROLYTE 

A polyimide, Pyre ML (manufactured by E. I. duPont), 
and a silicone resin, DC 63-502 (manufactured by Dow 
Corning), have been examined as possible binders with 
LiA102 filler to form composite materials which possess 
both sealing and insulating properties. The initial results 
indicate that structurally sound and adherent composites 
can be produced with both types of resins. 

A composite of LiA102 and Pyre ML was tested as an 
insulator in an anode cup of the design shown in Fig. V-25. 
The cup was thermally cycled from room temperature to 
370°C under helium atmosphere; no cracking or separation 

BORON NITRIDE RING 

•PASTE ELECTROLYTE 

Fig. V.25. Test Cell Utilizing a Laminated Anode Cup . 

METALLIC MESHES 

Fig. V-26. Modified Paste-electrolyte Disk and 
Insulator (2.5-cm diameter ) 
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Open-circuit 
Voltage 

(V) 

TABLE V-9. Summary of Performance Data for Lithium/Selenium Cell with 
Boron Nitride Ring/Paste-electrolyte Disk 

Short-circuit 
Current Density 

(A/cm2) 

Diffusion 
Overvoltage'' 

(V) 

Resistance 
Overvoltage** 

(V) 
Resistivity 

Ratiob 

^At 0.26 A/cm2 after 0.022 A-hr/cm2 discharge. Diffusion overvoltage = open-circuit voltage - IR-free 
voltage. Resistance overvoltage - IR-free voltage - terminal voltage. 

bResisIivity of the paste disk divided by the resistivity of the pure fused-salt electrolyte. 

of the composite from the walls of the cup occurred. 
Because the composite used in this cell design will be in 
contact with a paste electrolyte containing the molten 
UF-LiCI-Lil eutectic. the corrosion resistance of the 
LiAl02 and Pyre ML composite towards the molten salt 
was also tested. After an exposure of 24 hr at 370°C under 
helium, attack on this compwsite was moderate and 
probably at an acceptable level. 

DC 63-502, both as the pure resin and as a composite 
with LiAI02, was applied to two metal disks which were 
then joined and cured. Good bonding was achieved, but 
gastight seals were not obtained. In a corrosion test, a 
composite of DC 63-502 and LiAI02 was severely attacked 
by the mohen LiF-LiCl-Lil eutectic after 24-hr exposure at 
375°C under helium. 

On the basis of work performed so far, the composite of 
Pyre ML and LiAI02 seems promising for use as a seal and 
insulator for the test cell. 

2. High-specific-power Lithium (Selenium Cells for 
Vehicle Propulsion'^ ^ 

The secondary lithium/selenium batteries being de
veloped at Argonne National Laboratory have projected 
capabilities appropriate for hybrid electrically driven 
military vehicles. In particular, the projected specific power 
for these batteries meets the performance requirements for 
acceleration and hill-climbing. The lithium/selenium bat
teries, which will operate at temperatures of 375 °C or 
lower, will be composed of cells with liquid lithium anodes, 
immobilized fused-salt electrolytes (in the form of a rigid 
paste), and liquid selenium cathodes. Typical peak power 
densities are 1 to 3 W/cm^, which correspond to an 
estimated 440 W/kg for optimized multikilowatt batteries. 
Earlier work* * on small (3.8 cm^) laboratory-scale 
lithium/selenium cells resulted in the development of a cell 
having a peak power density of 2.7 W/cm^, a cell life of at 
least 200 hr, and a cycle life of more than 50 charge-
discharge cycles. The objective of the present program is to 
develop large, scaled-up cells (30-100 cm^) having the same 
power density capabilities as small cells and having long 
lives (1000-2000 hr and 1000-2000 charge-discharge 
cycles). 

a. Studies of Single Cells 

The studies of single cells are primarily concerned with 
scaling up small (2.5-cm diameter) laboratory lithium/ 
selenium cells with paste electrolytes to 7.5-cm-dia cells 
that retain high electrical performance. Specific responsi
bilities include (I) optimizing current collection at the 
selenium electrode to obtain high power density for the 
largest possible fraction of the theoretical cell capacity, 
(2) evaluating various cell designs with respect to minimiz
ing cell resistance, and (3) providing adequate sealing of 
selenium in the cathode compartment. 

An assembled paste electrolyte cell of 7.5-cm diameter, 
which was used for electrical performance measurements, is 
shown in Fig. V-27. In the cell, a boron nitride ring insu
lates the anode from the cathode compartment and also 
serves at the anode housing. The anode consists of stainless 
steel Feltmetal (type 302 SS, 1.6 mm thick, 90% porosity; 
or type 430 SS, 6.4 mm thick, 87% porosity) soaked with 
lithium at 550^C. The cathode consists of niobium ex
panded mesh (welded to the cathode cup) of 63% porosity 
(0.23-cm dit size) containing selenium. 

The measurements of electrical performance were made 
with seven test cells. The voltage-current characteristics of 
two of the cells (Cells 5 and 7) are given in Fig. V-27, and 
the voltage-capacity characteristics of the same cells in 
Fig. V-28. The maximum capacity obtained was 11.4 A-hr 
(0.36A-hr/cm^) for Cell 7 (see Fig. V-28). This capacity, 
which corresponds to 58.8% of the theoretical capacity, 
based upon Li2Se as the fully discharged cathode composi
tion, was measured at 400'^C, 4.8-A discharge current 
(0.15 A/cm^) for 2.4 hr, and an average cell voltage of 
1.6 V. During short-time voltage-current measurements for 
this cell, a short-circuit current density of 1.1 A/cm^ 
(34.8 A) was obtained (see Fig. V-27). 

The maximum short-circuit current density obtained was 
3.8 A/cm^ (I 20 A) for Cell 5 (see Fig. V-27). This cell was 
also discharged at constant current densities of 0.31 A/cm^ 
(9.7 A) and 0.49 A/cm^ (15.6 A); the average cell voltages 
during these discharges were 1.75 and 1.54 V, respectively 
(see Fig. V-28). 
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CURRENT DENSITY, A/cm^ 
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CELL CURRENT, A 

Fig. V-27. Voltage-Current Characteristics for Li th ium/Selenium Cell. 
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IR-FREE CURVES 

0.16 aZO 0.24 0,2B 032 
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Fig. V-28. Voltage-Capacity Curves for Li thium/Selenium Cell. 

The problem areas encountered during these initial 
performance tests were (I) the need to enhance wetting of 
the paste electrolyte by lithium in the anode (lack of 
wetting in some cells has resulted in high internal resistance 
and correspondingly poor electrical performance) and 
(2) the need to identify major factors contributing to good 
electrical performance of the cells so that reproducible, 
optimum performance can be maintained for long periods 
of time. A major effort in the experimental program is 
directed toward varying cell parameters with the aim of 
isolating the factors that contribute to optimum capacity 
density and provide high-power-density capabilities. 

b. Studies of Paste Electrolytes for 
Lithium I Selenium Cells 

An important area of investigation of lithium/selenium 
cells is the development of large-area (30 to 100 cm^) paste 
electrolytes of maximum strength, minimum weight, and 
minimum electrolytic resistivity to serve as separators 
between the lithium anode and selenium cathode. The 
strength of the paste electrolyte is increased by increasing 
the ceramic filler content, whereas the resistivity is de
creased by increasing the fused-salt content. The objective, 
therefore, is to prepare a paste electrolyte with the 
maximum fused-salt content consistent with good strength. 

Physlcochemical Properties of Paste Electrolytes. Studies 
aimed at developing paste-electrolyte disks possessing an 
optimum combination of conductivity, strength, and wet
tability by molten lithium have begun. The initial experi
ments involved (1) pressing paste disks (of 13-mm diameter 
and thickness of 2-3 mm) from mixtures of LiF-LiCl-LiI 
eutectic and lithium aluminate, and (2) investigating their 
resistances and wettability by molten lithium. 

Since good wetting of the paste electrolyte by lithium is 
essential for valid resistance measurements, wetting experi
ments were conducted first. Wettability of the paste disks 
by molten lithium has been assessed by visual observation 
of the adherence of the lithium to paste surfaces. Paste 
surfaces exposed to molten lithium at 400 to 500 C 
became darkened and showed small areas of adhering 
lithium that increased in size with exposure time. Paste 
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surfaces became pitted at these temperatures, possibly as a 
result of dissolution of salt in molten lithium. Additional 
wetting experiments showed that paste disks could be 
completely covered with an adherent coating of lithium by 
first exposing the disks to Hthium vapor (^10"^ mm) at 
530'̂ C for about 16 hr, and then contacting them with 
molten lithium (previously saturated with LiF-LiCl-LiI 
eutectic) at 350 to 360°C. Further tests are needed to 
determine whether these are optimum conditions for 
wetting the paste electrolyte. 

Resistances of the paste disks are currently being tested 
by dc measurements of the voltage across the disk and the 
current through the disk. 

Fabrication of Larger-diameter Paste-electrolyte Disks, 
Scaling-up the 2.5-cm-dia Hthium/chalcogen secondary cells 
requires the development of techniques for preparing paste 
electrolyte of 7.5-cm and larger diameters. Consequently, 
7.5-cm-dia paste-electrolyte disks are being prepared under 
various pressing conditions to determine the effect of 
pressing force, temperature, and specific surface area of the 
ceramic filler material on the disk density (densities of 
approximately 99% of the theoretical value are desirable). 
In recent tests, the LiF-LiCI-LiI eutectic (usually ~60 wt %) 
was mixed with the filler (a- or 7-LiAI02) under an inert 
atmosphere, the mixture was pressed under vacuum at 
temperatures from 25 to 275^C using a press of 
5.9 X 10*-kg capacity, and the density of the disk was then 
measured. 

The paste electrolytes prepared under these conditions 
had densities that ranged from 77 to 99% of the theoretical 
values. Although the optimum pressing conditions have not 
yet been determined, these data show that high-density 
paste electrolytes can be prepared from both a-LiAI02 and 
7-LiA102. Hot pressing under vacuum appears to be 
necessary for high density in the present pressing apparatus. 

c. Sealants and Insulators 

Lithium/selenium batteries will require electrically in
sulating materials resistant to lithium, selenium, and 
lithium-selenium alloys. A sealant that is resistant to these 
same materials may be required to produce a hermetically 
sealed battery. 

The electrical insulators being tested are primarily the 
more stable oxides and nitrides, such as MgO, Y203.Th02, 
and AIN. Preliminary tests show corrosion rates of 
26 mils/yr for single-crystal MgO and 71 mils/yr for Y2O3. 

Insulating polymers are also being tested for thermal 
stability and for resistance to lithium, selenium, and 
electrolytes, since they offer the potential of providing 

both electrical insulation and hermetic sealing in a thin, 
light-weight form. Screening tests indicate that polyimjdes 
and polycarboranesiloxanes possess adequate thermal 
stability but inadequate corrosion resistance to cell com
ponents. More extensive testing under simulated cell en
vironments is necessary. 

d. Corrosion by Lithium-Selenium Mixtures 

The development of reliable, long-lived lithium/selenium 
secondary batteries requires corrosion-resistent materials of 
construction. Selenium, lithium, and the molten salts 
utilized in these cells are relatively reactive and, con
sequently, are corrosive to many common materials. The 
selection of suitable corrosion-resistant materials is a major 
requirement for the successful development of these 
batteries. 

Current program emphasis is on corrosion resistance to 
the Hthium-selenium alloys. Corrosion by lithium is not 
being extensively investigated because lithium can probably 
be contained in austenitic stainless steels or similar conven
tional materials. These steels have performed well in 
laboratory tests for several hundred hours. 

The corrosion resistance of a variety of materials to 
20 at. % lithium-selenium mixtures at 375°C were measured 
in ~300-hr static immersion tests. The results of these tests, 
which are shown graphically in Fig. V-29, indicate that 
niobium and niobium-1% zirconium alloys are the most 
resistant materials tested. Chromium and two cobalt-base 
alloys (Haynes 25 and Unitemp605) also seem to be 
usable, ahljough their corrosion resistance needs to be 
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Fig. V-29. Corrosion of Test Materials by 20 at. % Uthium-
Selenium Mixtures (static immersion tests; temperature. 37ST; 
test duratiDn, 200-350 hr). 
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better established through longer-term tests. The other 
materials tested are not sufficiently corrosion resistant for 
use under cell conditions. 

3. Lithium/Sulfur Cells for Vehicle Propulsion^ ̂  

Battery-powered urban automobiles should significantly 
reduce the amount of air pollution caused by combustion-
engine exhaust gases. However, presently available batteries 
do not have sufficient energy-storage capacity per unit 
weight, and consequently are heavy, bulky, and too costly 
for consumer acceptance. The ultimate objective of the 
present program is to provide the technology necessary for 
the construction of a multikilowatt secondary battery able 
to power a technically attractive electric passenger vehicle. 
This battery must be able to store 200 W-hr/kg and deliver 
power at a peak rate of 200 W/kg. The immediate objec
tives are to investigate the performance characteristics of 
promising lithium/chalcogen cells, to provide a cell struc
ture compatible with vehicle applications, and to identify 
suitable materials of construction. 

a. Investigation of Small-scale Lithium/Sulfur Cells 

A study of lithium/sulfur cells with molten salt elec
trolytes is being performed to determine if these cells offer 
sufficient potential for development of a vehicular propul
sion system. An experimental vertical hthium/sulfur cell has 

been operated at temperatures from 340 to 380 C under a 
helium atmosphere. The electrolyte was the molten LiF-
LiCl-Lil eutectic (mp, 341''C). Both the cathode and anode 
compartments were made of type 304 stainless steel, and 
had a geometrical electrode area of 3.8 cm^ and a depth of 
1.25 cm. Disks of stainless steel Feltmetal (90% porosity), 
soaked with either sulfur or lithium, were placed in the 
appropriate electrode holders; average amounts of reactants 
held in the Feltmetal disks were 3.8 g sulfur and 3.6 g 
lithium, amounts which correspond to a capacity of about 
10 A-hr. The interelectrode distance was varied, but for 
most experiments was 1.0 cm. The cell was discharged and 
charged at temperatures from 340 to 380°C; the data 
obtained at 350°C are shown in Fig.V-30. AUhough these 
data demonstrate good cell performance, displacement of 
sulfur from the cathode current collector by the electrolyte 
has limited the usefulness of this cell geometry. 

A horizontal lithium/sulfur cell (similar to the one 
shown in Fig. V-18 and described in Sect. V.C.I.b of this 
report) was operated to investigate various configurations 
of the cathode current collector with the aim of finding a 
configuration that would reduce ohmic and diffusion 
overvoltages to acceptable values. Seven cathode current 
collectors made of stainless steel Fehmetal having various 
porosities and pore sizes were evaluated in Li/LiF-LiCI-
Lil/S cells at 375°C. The physical characteristics and 
capabilities of the cells are listed in Table V-10. 

CURRENT DENSITY. A/cm^ 

Fig. V-30. Voltage-Current Characteristics of a Lithium/Sulfur Cell. 
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TABLE V-10. Characteristics of Cathode Structures and Cell Performance 

Material 

430 SS 
430 SS 
302 SS 
302 SS 
302 55 
302 SS 
430 SS 

Catho 

Porosi 

(%) 
80 
60 
40 
70 
60 
80 
80 

de 

ty 

Cell System 
Anode Area 
Cathode Area 
Interelectrode Distance 
Typical Cell Temperature 

Pore Size 
(Mm) 

240 
100 

19 
19 
19 
29 

240 

Theoretical 
Capacity^ 

(A-hr) 

0.910 
0.657 
0.437 
0.767 
0.657 
0.910 
0.910 

L i /L iF-L iCTLi l /S 
2.6 
0.7 
0.3 

cm 
cm 
cm 

37 5'C 

2 
2 

Capacity 
(A-hr) 

0.12 
0.067 
0.030 
0.067 
0.042 
0.18 
0.14 

I r 
(V) 

0.48 
0.75 
1.0 
0.46 
0.75 
0.38 
0.48 

Overvoltages'' 

I d 
(V) 

0.50 
0.60 
0.90 
0.4 5 
0.80 
0.40 
0.65 

1 
(V) 

0.98 
1.35 
1.9 
0.91 
1.55 
0.78 
1.13 

afiased on the conversion of total sulfur charge into Li2S. No consideration was made for evaporation losses. 
bXhese overvoltages were calculated from IR-free voltages of the cells running at 1.4-A/cm2 discharge after 

0.047-A-hr/cm2 operation, rjr = resistance overvoltage = IR-free voltage - terminal voltage, rjj = diffusion 
overvoltage = open circuit voltage - IR-free voltage, T) = total overvoltage = rjr + rj(\. 

The results of this series of performance tests show that 
capacity densities as high as 0.26 A-hr/cm^ are obtainable. 
When the cells are operated under similar charge and 
discharge conditions, the capacity density is related to the 
porosity of the cathode current collector, higher porosities 
yielding higher capacity densities. 

Design calculations based on these data have been 
performed to assess laboratory-cell performance in terms of 
the requirements for electric vehicle propulsion. These 
calculations indicate that present laboratory-cell perform
ance is probably adequate for urban electric vehicles, but 
that it should be increased if high-performance electric 
vehicles are contemplated. 

b. Fillers for Paste Electrolytes 

Possible fillers for paste electrolytes in lithium/sulfur 
cells were tested by observing their reactivity with sulfur at 
375°C. Under test conditions, MgAl204 and MgO suffered 
no degradation. Except for a trace of Li2S found in one 
experiment, no sign of attack on 7-LiA102 was observed. 
The compounds Th02, CaO, AIN, and LiY02 reacted with 
sulfur and are, therefore, unsatisfactory as fillers in pastes 
for use in lithium/sulfur cells. 

c. Corrosion by Sulfur-containing Mixtures 

The corrosion resistance of various materials to condi
tions that would be encountered in the anode and cathode 
compartments of lithium/sulfur cells is being determined to 
identify suitable materials of construction. Two classes of 
materials resistant to lithium-sulfur mixtures at tempera
tures near 375°C are needed. Firstly, a corrosion-resistant 
material possessing good electrical conductivity is required 
to serve as the cathode current collector and probably as 
the cathode housing. Secondly, a corrosion-resistant 

material that is electrically insulating is required to prevent 
short-circuit contact between the anode and cathode 
housings. Of the electrically conductive materials tested, 
molybdenum, chromium, Zircaloy-2, and Inconel 702 were 
the most corrosion resistant, all with corrosion rates less 
than 3 mils/yr. Of the electrically insulating materials 
tested, boron nitride and yttria appear to be the most 
resistant and will be used in initial cell tests. Single-crystal 
magnesia is not resistant to lithium-sulfur mixtures. 

4. Performance Comparison 

To understand the capabilities of the various cells 
studied, including those previously reported (see 
ANL-7550, J?. 84), the performance data must be placed in 

perspective. A comparison of the voltage-current 
density characteristics for the cells with liquid electrolytes 
is shown in Fig. V-31. For purposes of the comparison, the 
original data for the Li/P4Sio and Li/p4S3 cells were 
adjusted (as indicated by the dashed lines) to correspond to 
a smaller interelectrode distance. The average interelectrode 
distance for the cells of Fig. V-31 was 0.4 cm, and the 
active electrode area varied from 0.7 to 10 cm^. A similar 
comparison of voltage-current density characteristics is 

2.5 

> 
J 2,0 < 
z 1.5 
O 
Q- 1.0 

U0.6 

j-.,^^,-—Li/P, S,o. 400'C 
-«>^:><r^Li /P, Ss, 400'C 

. Ll/Te. 470'C--̂ ^ *̂"---..,,̂ ^^ ^ 

\ , j ^ — L l / P , 374-C ^ ^ :̂  

^-—LI/S, 385*C 
C ^ ^ —Ll/Se. 365"C 
~.5^>::;-^^..;^Li/(Se + T«), 298-C 

CURRENT DENSITY. A /cm* 

Fig. V-31. Comparison of the Voltage-Current Density Charac
teristics of Cells with Liquid Electrolytes. 
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shown in Fig. V-32 for cells with paste electrolytes. Data 
are given for a scaled-up, 7.5-cm-dia lithium/selenium cell as 
well as for 2.5-cm-dia cells. Table V-11 lists the best 
capacity densities obtained for both the liquid- and 
paste-electrolyte cells; the best cell performance is achieved 
in cells having high capacity densities at high current 
densities. No data are given in Table V-11 for the lithium/ 
phosphorus cell, which has not performed well enough to 
be of further interest. 

The performance data shown in Fig. V-32 and 
Table V-11 were used, together with a battery design 

^ ^ 

- \ 

V - - L 1 / S , 310 ° C \ 

^ L . / S i , 375 'C 

"•'•---..,,,._^,_-—Li/S*. 397 'C 
> * \ _ ^ (7,5 cm DIA CELL) 

— Li/Te, 4 7 5 ' C ^ \ , _ _ ^ ^ ^ 

N - -L i / (S»*Te ) , 3 7 5 ° C ^ \ ^ ^ 

-

-

CURBENT DENSITY, A/cm^ 

Fig. V-32. Comparison of the Voltage-Current Density Charac
teristics for Cells with Paste Electrolytes (alt cells 2.5 cm in 
diameter except as indicated). 

similar to that shown in Fig. V-24, to calculate the 
expected performance for fully engineered batteries with 
paste electrolytes. These calculated values (based on a 
30-min rate for specific power and a 2-hr rate for specific 
energy) are shown in Table V-12 for lithium/tellurium, 
lithium/selenium, and lithium/sulfur batteries. The ex
pected performance for a lithium/(selenium + tellurium) 
battery would be similar to that for the lithium/selenium 
battery; likewise, the expected performance for a lithium/ 
P4S,o battery would be almost the same as that for the 
lithium/sulfur battery. The calculations indicate that both 
specific power and specific energy increase as the equivalent 
weight of the cathode material decreases, i.e., the Hthium/ 
sulfur battery would show the best performance of the 
three. From an economic standpoint, only batteries using 
small amounts of the relatively costly selenium and 
tellurium are practical. 

The advantages of the lithium/chalcogen batteries can be 
seen by a comparison of their expected performance 
characteristics (see Table V-12) with the performance 
characteristics of conventional batteries. On the same rate 
basis (a 30-min rate for specific power and a 2-hr rate for 
specific energy), a Cd/Ni^Os battery has a specific power 
of 70 W/kg and a specific energy of 35 W-hr/kg; a Pb/PbOj 
battery has a specific power of 50 W/kg and a specific 
energy of 30 W-hr/kg. In contrast, a lithium/sulfur battery, 
for example, is expected to produce a specific power of 
342 W/kg and a specific energy of 437 W-hr/kg. 

TABLE V-11. Summary of Capacity Densities Aciiieved for Li t l i ium/Chalcogen Cells 

Ceil 

Li/LiF-LiCl-Lil/Te 

Li/LiF-LiCl-Lil/Se 

Li/LiCl-Lil-Kl/Se + Te 
Li/LiF-LiCl-Lil/Se + Te 
Li/LiF-LiCl-Lil/S 
Li /LiBr-RbBr/P4Sl0 
Li/LiBr-RbBr/P4S3 

Type 
Electroiyte^ 

L 
P (2 .5) 
L 
P (2 .5) 
P (7 .5) 
L 
P (2 .5) 
L 
L 
L 

Temp 

CO 

4 7 0 
475 
365 
375 
397 
29S 
375 
385 
4 0 0 
4 0 0 

Capacity Densi ty 
(A-hr /cm2) 

0 .125 at 2 A / c m 2 

0.52 at 2 A / c m 2 
0.202 at 0.26 A / c m ' 
0.32 at 0.5 A /cm2 
0.52 at 0 .13 A /cm2 
0.274 at 0 .26 A /cm2 
0.38 at 2 .8 A / c m 2 
0.05 at 0.6 A /cm2 
0 .04 at 0 .58 A /cm2 

^L indicates l iquid-electrolyte cells ranging in active e lect rode area from 0.7 t o 10 c m ^ . 
P (2.5) indicates a 2.5-cm-dia paste-electrolyte cell. P (7.5) indicates a 7.5-cm-dia 
paste-electrolyte cell. 

TABLE V-12. Specific Power and Specific Energy Calculated for Li th ium/Chalcogen Batteries^ 

Average 
Open-
circuit 
Voltage 

(V) 

Average 
Short-
circuit 
Current 
Density 
(A/cm2) 

Paste-
electrolyte 
Thickness 

(cm) 

Cathode-
cup 

Material 

Specific 
PowerD 
(W/kg) 

Specific 
Energy'^ 

(W-hr/kg) 

Li/Te 
Li/Se 
Li/S 

1.85 
1.85 

1.85 
1.85 

0.2 
0.2 
0.2 

W 
Be 

Mg (or Be) 
254 
342 

l i s 
313 
437 

Hn all cases cathode thickness was 0.5 cm and the anode-cup material was beryl l ium. 
•'Based on a 30-min ra te . 
•̂  Based on a 2-hr rate. 
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VI. FLUIDIZED-BED COMBUSTION OF FOSSILE FUELS 

The fluidized-bed technique is being investigated as a 
possible way to reduce the emission of atmospheric 
pollutants in the combustion of coal.' The concept involves 
the introduction of fuel and an SO2-reactive additive (such 
as limestone) into a hot fluidized bed of solids. The solids 
consist of small particles of noncombustible material, such 
as ash. held in a dense suspension by a stream of air passing 
upward through them. The fuel burns as it mixes with the 
bed material. The heal generated is transferred to boiler 
tubes immersed in the fluidized bed, and simultaneously 
SO2 reacts in situ with the additive material. The efficient 
gas-solids contacting in a fluidized bed may greatly decrease 
SO2 emission. 

A 6-in.-dia. bench-scale fluidized-bed combustor (see 
Fig. Vl-1) has been constructed, together with a preheater, 
three feeders, and two cyclones (see ANL-7550, Fig. VI-1, 
p. 98). Initially, exploratory bench-scale experiments were 
performed to aid in the selection of operating conditions. 
Next, a systematic set of bench-scale experiments were 
performed to investigate the emission of SO2 under 
conditions applicable to conceptual designs of both utility-
sized power-generating stations and industrial steam boilers. 
The variables considered were the particle size of the 
limestone additive, the superficial velocity of fluidizing gas. 

and the recycling or nonrecycling of elutriated solids to the 
fluidized-bed combustor. An objective of the bench-scale 
experimental work is to determine the conditions necessary 
to achieve a high degree of SO2 removal from the flue gas 
and a high degree of utilization of the limestone or other 
additive material. 

The major results of the bench-scale experiments, which 
were all conducted at a combustion temperature of 1600°F 
and a superficial gas velocity of 3 ft/sec, are as follows: 

1) The emission of SO2 was reduced by 29 to 87% of 
the SO2 concentration obtained in the absence of lime
stone, with the percentage decrease depending on the type, 
particle size, and quantity of limestone added. 

2) The most favorable result (87% reduction in the 
emission of SO2) was obtained when a calcitic limestone 
No. 1359 of 25-pm average particle size was added at 
2.2 times the stoichiometric requirement. 

3) For any particular type of limestone additive, 
greater SO2 removal was generally noted for finer-particle-
sized material than for that of coarse particle size. 

l-lg, VI-1 . 1 luJdi/ud-lK-d !Jt;iKliMj;ik- Comhust i . r and ASSML JalL-il 1 i|uipiii<.ii[. 
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4) From the experimental results, it appears that 
calcitic Hmestone No. 1360 is more reactive with SO2 than 
calcitic limestone No. 1359 or dolomitic limestone 
No. 1337 of the same particle size. 

5) The time elapsed from the start of additive feeding 
to the achievement of a constant SO2 level in the flue gas 
ranged from less than one hour to several hours, depending 
on the particle size of the additive. 

6) The maximum degree of utilization of CaO achieved 
during the experiments was 38%. 

7) Partially reacted additive that accumulated in the 
fluidized bed contributed little to overall SO2 absorption, 
indicating that CaO particles absorb SO2 to a negligible 
extent after about 30% of the CaO is converted to CaS04. 

8) The observed reductions in SO2 emission with 
limestone No. 1359 are less than predicted by the ANL 
empirical model (90%, discussed in ANL-7550, pp. 98-99), 
presumably because the kinetic data upon which the model 
is based reflect the reactivity of 1337 and 1360 Umestones 
that were calcined and sulfated in laboratory equipment. 

9) The combustion efficiency of a fluidized-bed 
system, expressed as the percentage of carbon completely 
burned, was determined to be 96.7 and 97.1% for two 
experiments. The principal loss of unburned carbon during 
these experiments was that associated with the solids 
elutriated from the fluidized bed (average carbon content, 
15 wt %) and was about 3%o of the carbon input associated 
with the coal feed. Recycle of elutriated solids would be 
expected to reduce the overall carbon losses from the 
system. The carbon monoxide and hydrocarbon concen
trations in the flue gas were 75-400 ppm and 2-20 ppm, 
respectively, corresponding to a maximum loss of 0.26% of 
the input carbon. Solids withdrawn to maintain a constant 
bed level had a carbon concentration of only O.OI to 
0.1 wt %, and their total carbon content was 0.001 to 
0.04% of the input carbon. 

10) Analysis of solids elutriated during an experiment 
that employed a 25-/jm particle-sized additive indicated 

that the fines residence time in the fluidized bed was 
sufficient for about 80% of the additive to be calcined to 
CaO before it was elutriated. 

11) Sohds elutriation rates determined during periods of 
no additive feeding indicate that virtually all of the ash 
associated with the coal used in these experiments was 
elutriated. Other solids elutriated were CaS04, unreacted 
CaO, and uncalcined CaCOs. Comparison of elutriation 
rates for experiments using different additives suggests that 
there was less decrepitation of additive material 1359 than 
of 1337 or 1360. 

12) The average particle size of elutriated solids was 
about 90 Arm during periods of no additive feeding and 
decreased lo about 60 jUm during an experiment in which 
IS-pm additive was added to the fluidized bed. The 
efficiencies of the two cyclones for separation of solids 
ranged from 86 to 90% of total solids for the primary 
cyclone and from 97 to 99% for the combined cyclones. 

13) Bench-scale experiments conducted at I600°F with 
argon substituted for nitrogen established that nitrogen 
compounds contained in coal are the source of NOx 
compounds in the flue gas. 

14) A reduction of 30-40% in nitric oxide emission in 
the flue gas was noted when limestone additive (No. 1359) 
was introduced into the fluidized-bed combustor. This 
reduction (concomitant with the reduction in SO2 con-
centration) could be due to catalysis or other enhancement 
of reactions to form NO2, or decompose NO, or react NO 
withCaOorCaSO,. 

At the request of NAPCA, members of the ANL 
fluidized-bed combustion group accompanied NAPCA 
personnel and others to England for a review of British 
work on fluidized-bed combustion of fossil fuels. The 
results of this survey have been published.^ 

Future experimental work planned on the reduction of 
SO2 emission will investigate the effects of two variables: 
(1) superficial gas velocity and (2) recycle of elutriated 
fines to the fluidized bed. 
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